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Chair: Brian Lamb 

 The MM5/SMOKE/CMAQ modeling suite was used to investigate the spatial and 

temporal distributions of air toxics in the Nez Perce Reservation in Idaho and the Clarkston, 

WA–Lewiston, ID urban area for two time periods: August–September, 2006 and December, 

2006–January, 2007.  Model performance was evaluated using data collected during a one year 

comprehensive air toxics monitoring program in the area.  

Statistical comparison of modeled to observed temperature, wind speed, and wind 

direction were within the typical range seen in previous applications of the MM5 meteorological 

model.  The magnitudes of temperature, wind speed, and wind direction mean biases were equal 

to or less than 0 K, 0.1 m/s, and 50 degrees, respectively, and mean absolute gross errors were 

less than 3 K, 2 m/s, and 80 degrees, respectively.  Comparison of the modeled to observed air 

toxic concentrations (24-hr averages) showed that formaldehyde, acetaldehyde, and benzene 

were underestimated by as much as a factor of five.  Further experiments regarding these three 

air toxics showed that the modeled concentrations were less sensitive to uncertainties in 

anthropogenic emissions than to uncertainties in chemical boundary conditions.  Concentrations 

of toluene and ethyl benzene were underestimated most of the time, but the predicted levels were 

always within a factor of two of the observations. Concentrations of chloroform and the xylene 
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isomers were overestimated most of the time and were within a factor of two for the August-

September period.  

CMAQ modeling results showed that pollutant spatial distributions depended upon 

chemistry, pollutant source, and terrain.  Air toxics with secondary formation, such as 

formaldehyde, had broad coverage across the model domain.  Primary pollutants emitted from a 

point source tended to remain in the valley because of the terrain.  Elevated concentrations of 

primary mobile pollutants tended to occur along major roadways within the valley.  Diurnal 

patterns of the air toxics were explained by the mixing height and chemical formation rates.  

Primary pollutant concentrations were lower during the day due to dilution throughout a deeper 

mixing layer.  Formaldehyde and acetaldehyde had much higher concentrations during the 

August-September period due to higher chemical production rates compared to the December-

January period.  
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CHAPTER 1 

INTRODUCTION 

1.1. Overview and Objectives  

Air toxics, or hazardous air pollutants (HAP), are air-borne contaminants known or 

suspected to cause serious deterioration of human health and degradation of the environment.  

Health effects included cancer, damage to the immune, neurological, reproductive, 

developmental, and respiratory systems.  Environmental effects include loss of species and 

adverse impacts on the environmental quality over broad areas (US EPA, 2008a). 

The 1990 Amendments to the US Clean Air Act listed an original 189 air toxics.  The 

original list of the 189 air toxics is attached in Appendix A.  In 1991, a clerical error that led to 

the inadvertent addition of hydrogen sulfide to the list of air toxics was discovered.  This 

initiated a Joint Resolution from the Senate and House of Representatives to remove hydrogen 

sulfide; which was later approved by the President at the time, George H.W. Bush.  In 2005, the 

US EPA removed a second chemical species, methyl ethyl ketone (MEK), from the list after 

extensive technical review and consideration of public comments.  The total number of listed air 

toxics is now 187 (US EPA, 2008b). 

According to the US EPA (2008a), there are natural sources of air toxics such as forest 

fires and volcanic eruptions.  However, the major sources of air toxics are anthropogenic 

activities such as vehicular traffic and industrial and manufacturing processes (US EPA, 2008a).  

Both types of anthropogenic sources exist in the Lewiston, ID – Clarkston, WA urban area 

located immediately west of the Nez Perce Reservation in Idaho.  Four major highways intersect 

in the urban area: Highway 12 goes east and west, Highway 95 goes southeast and north, 

Highway 129 goes south, and Highway 195 goes northwest.  There is a large paper and pulp mill 
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located immediately east of Lewiston, ID.  The urban area is in a deep river valley at the 

confluence of the Clearwater and Snake Rivers.  The valley floor is approximately 2000 ft below 

the valley rim and the width of the valley varies from a few km to more than 10 km near the 

confluence.  The mix of urban and industrial sources located in a deep river valley that limits air 

pollutant dispersion raised concerns about the levels of air toxics within both the urban area and 

tribal lands of the Nez Perce tribe.  To address these concerns, the Nez Perce tribe conducted a 

comprehensive study of air toxics in the area.  The study included a one year monitoring 

program of 24-hr averaged air toxics concentrations on a 1-in-6 day sampling schedule 

beginning in May 2006 and an air toxics modeling investigation providing additional information 

related to air toxics concentration patterns in the area.  The latter portion of the Nez Perce air 

toxics study is described in this thesis. 

The overlying goal of this research is to provide a detailed description of the spatial and 

temporal distributions of air toxics in the Nez Perce reservation and associated urban area using a 

comprehensive, high resolution air quality grid modeling system.  Specific objectives are 

twofold: 1) to evaluate the meteorological and chemical transport model with respect to available 

surface observations and 2) to use the model to describe spatial and temporal patterns of air 

toxics within the domain with more detail than was available from the monitoring program.  To 

meet these objectives, the modeling system was run for two months, August and September, 

representing summer conditions and two months, December and January, representing winter 

conditions. 

This thesis is presented in four chapters. In the remainder of Chapter One, literature 

describing modeling methods and studies of air toxics is reviewed.  In Chapters Two, the details 

of the modeling system employed in this thesis are presented.  Chapter Three is an independent 
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manuscript that will be submitted for publication.  The manuscript presents the evaluation of 

meteorological and air quality model results using available measured data.  Descriptions of the 

spatial and temporal distributions of air toxics in the Nez Perce reservation and associated urban 

area are also discussed in the manuscript.  Finally, Chapter Four provides a summary of this 

research and possible future research associated with this work. 

 

1.2 Air Toxics Modeling Literature Review 

This section summarizes background information about air toxics emission inventories 

and air quality models used in simulating the behavior of air toxics in various scenarios. 

Applications of the air quality models in simulating air toxics will also be presented in this 

section.  

 

1.2.1. Emission Databases of Air Toxics 

A crucial part of air quality modeling is the emissions data.  The emission databases used 

in this project were the Toxics Release Inventory (TRI) and the National Emissions Inventory 

(NEI).  The 2002 NEI was the most current version released by the US EPA when this research 

was conducted.  The air toxics emissions related to a paper and pulp mill in the area of interest 

are based on the 1999 TRI because the authors felt this was a more detailed definition of the 

emissions for that facility than that from the 2002 NEI.  Additional air toxics emissions in the 

area of interest are based on the 2002 NEI. 

Under the Emergency Planning and Community Right-to-Know Act (EPCRA), the US 

EPA and state governments are required to collect annual data on certain toxic chemicals from 

various industrial facilities and report to the TRI, a publicly available database (US EPA, 2008c). 
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The NEI is an annual estimate of “air pollutant emissions from point, nonpoint, and mobile 

sources in the 50 States, the District of Columbia, Puerto Rico, and the Virgin Islands” and is 

released every three years (US EPA, 2007).  The NEI is based on data collected from state and 

local environmental agencies and various US EPA programs: Maximum Achievable Control 

Technology (MACT) program, Emission Tracking System/Continuous Emissions Monitoring 

(ETS/CTM) data for electric generating units, TRI program, and MOBILE and NONROAD 

computer models (US EPA, 2007).  

The accuracy of the NEI and TRI is difficult to determine because they depend on the 

reporting procedures of the state and local environmental agencies.  Some data in the NEI, such 

as non-point and mobile sources, are only available at the county levels and need to be 

partitioned into more specific locations depending on the application.  Current emissions data are 

not even available for some sources and must be estimated based on previous reports and 

adjusted using population growth.  Some chemical species in the NEI and TRI, such as volatile 

organic compounds (VOC), are lumped and thus need to be separated into individual species 

before model use.  The NEI is also reported as an annual average and is scaled to hourly data 

using estimated emission factors.  Because of these sources of uncertainties in the emission 

inventories, the emission data used in air quality modeling must be evaluated on a case-by-case 

basis (US EPA, 2007).  

 

1.2.2. Air Quality Models for Air Toxic Simulations 

Air quality models are mathematical representations of the dynamics of pollutants in the 

atmosphere (Russell and Milford, 1992).  Air quality models are typically categorized in two 

major classes: empirical-statistical models and deterministic models.  Empirical-statistical 
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models relate historical records of emissions and meteorology to the corresponding observed air 

quality.  Deterministic models are based on solving the atmospheric diffusion-reaction equation, 

a partial differential equation that describes the transport, emission, chemistry, and deposition of 

the pollutants.  This literature review is focused on the deterministic models because there are 

limited historical records of meteorology, emissions, and air toxics concentrations in the area of 

interest. 

The atmospheric diffusion-reaction equation defining the concentration of a pollutant in a 

fixed volume is:  

 

Equation 1.1 

 

where i = specie, C = concentration, V = wind vector, K=diffusion coefficient, R = gas-phase 

chemical loss/production term, D = deposition term, AQ = aqueous chemical loss/production 

term, AE = aerosol term, and S= source term (Seinfeld and Pandis, 1997).  The first term gives 

the amount of pollutant added or subtracted to the volume from the other processes. Starting 

from the second term, the processes are advection, diffusion, gas-phase chemistry, wet and dry 

deposition, aqueous chemistry, aerosol chemistry, and amount added due to a pollutant source in 

the volume (Seinfeld and Pandis, 1997).  

Two classes of deterministic models are Gaussian-based dispersion models and Eulerian 

grid-based models.  A brief description and two examples are given for Gaussian-based 

dispersion models.  More attention and examples are given for Eulerian grid-based models 

because they are more appropriate for applications involving reactive pollutants emitted in 

complex terrain (Arya, 1999). 
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Gaussian-based Dispersion Models  

Original development of Gaussian-based models are by Sutton (1932), Pasquill (1961, 

1974), and Gifford (1961, 1968) (Hanna et al., 1982).  In Gaussian models, the horizontal and 

vertical distribution of the pollutants in the cross-wind direction is based on a Gaussian 

distribution with the width determined from stability conditions such as the Pasquill-Gifford-

Turner stability curves (Holmes et al., 2006).  The Gaussian distributions are originally based on 

the work of Roberts (1923 as cited in Arya, 1999) and are supported by statistical theories and 

random-walk models of particle dispersion in homogeneous turbulent flows (Taylor 1921; 

Csanady, 1973 and Pasquill and Smith, 1983 as cited in Arya, 1999).  

Advantages of Gaussian-based models are (1) an appealing simple physical concept, (2) 

fast run times, (2) easy set-up, and (3) simple inputs (Arya, 1999). Disadvantages of Gaussian-

based dispersion models arise from the simplifying assumptions implied in their formulation 

(Arya, 1999).  Also, experiments used to verify these models have been limited to near-field and 

maximum ground level concentrations on simple terrain (Arya, 1999).  Gaussian-based 

dispersion models also lack complete treatment of atmospheric chemistry.  Examples of 

Gaussian-based dispersion models are AMS/EPA Regulatory Model (AERMOD; Cimorelli et 

al., 2005) and CALPUFF (Scire et al., 1999); which are both air quality models recommended 

by the US EPA for use in State Implementation Plan revisions (US EPA, 2005).  

AERMOD is a steady-state Gaussian plume model designed for both simple and complex 

terrain and for both surface and elevated sources (Cimorelli et al., 2005).  The horizontal 

distribution of pollutant concentrations is assumed to be Gaussian for both stable and convective 

boundary layers (Cimorelli et al., 2005).  The vertical distribution is assumed to be Gaussian and 
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bi-Gaussian for the stable and convective boundary layers, respectively (Cimorelli et al., 2005).  

Vertical profiles of required meteorological variables, such as winds, turbulence, and 

temperature, are calculated using similarity relationships based on at least one each of surface 

measurement and upper air sounding (Cimorelli et al., 2005). 

An example of an application of AERMOD is in the US EPA Cumulative Exposure 

Project.  Rosenbaum et al. (1998) modeled the concentrations of 148 air toxics for the 

continental United States using ASPEN system.  ASPEN uses AERMOD for dispersion 

modeling and then uses the modeled concentrations to estimate health risks.  The model 

performance was evaluated by comparing observed concentrations of up to 19 air toxics in each 

of 81 locations nationwide.  The comparison showed that most of the ratio of modeled to 

observed concentrations were between 0.33 and 3.0.  The comparison also showed that the 

model underestimated more than it overestimated the observed concentrations (Rosenbaum et 

al., 1998).  

Woodruff et al. (1998) further investigated the results of the Cumulative Exposure 

Project modeling results using cancer and non-cancer benchmarks to quantify the concentrations 

for which health risks may occur.  The benchmark concentrations for cancer effects are based on 

a one-in-a million cancer risk due to exposure and for non-cancer effects are based on health 

risks due to long term exposure.  Certain air toxics may have two benchmark values: one each 

for cancer and non-cancer effects.  Woodruff et al. (1998) found that eight air toxics (benzene, 

carbon tetrachloride, chloroform, ethylene dibromide, ethylene dichloride, formaldehyde, methyl 

chloride, and bis(2-ethylhexyl)phthalate) exceeded their respective benchmark concentrations for 

cancer effects for all the census tracts.  
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CALPUFF is a non-steady state Gaussian puff model designed to treat point, area, line, 

and volume sources and to incorporate chemical removal, wet and dry deposition, and building 

downwash in both simple and complex terrain (Scire et al., 1999).  CALPUFF uses a Lagrangian 

framework to track “puffs” of pollutants and uses an Eulerian framework for the receptor 

locations (Scire et al., 1999).  CALMET, the CALPUFF meteorological pre-processor, can 

generate necessary fields of meteorological data from datasets ranging from a single surface and 

upper air data measurement to 3-dimensional gridded data from meteorological models (Scire et 

al., 1999).  

An example of an application of the CALPUFF dispersion model is in the Portland Air 

Toxics Assessment (PATA).  Rosenbaum et al. (2004) aimed to characterize the spatial 

distribution and emission sources of air toxics in the Portland, OR metropolitan area using the 

CALPUFF model.  Emission data were from a combination of Oregon Department of 

Environmental Quality (ODEQ) 1999 county level emissions data, US EPA 1999 National 

Emissions Inventory (NEI), and Portland’s Metropolitan Regional Government Organization on-

road emissions data.  CALMET, a diagnostic meteorological model, was used to generate 3-

dimensional meteorological information from six surface and one upper-air meteorological 

monitoring sites (Rosenbaum et al., 2004).  

The model performance was evaluated using observed air toxics data from five 

monitoring sites collected by ODEQ spanning 1 year starting from July 18, 1999.  The modeled 

concentrations of 6 (1,3-butadiene, arsenic, chloroform, chromium, nickel, and 

tetrachloroethylene) out of 10 air toxics was found to match with observed concentrations for 

nearly all of the five sites.  Modeled concentrations of formaldehyde and acetaldehyde were 

lower than the observed because the model did not include secondary formation of these species.  
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Modeled benzene and polycyclic organic matter concentrations were found to overestimate the 

observed concentrations.  Rosenbaum et al. (2004) suggested that this was due to an 

overestimation of emissions from residential wood combustion. 

 

Grid-based Chemical Transport Models 
 
Chemical transport models evolved from photochemical box models in the early 1970s 

(Byun and Schere, 2006).  The first generation model (Reynolds et al., 1973) was designed to 

predict the variation in time and space of the concentrations of a limited number of chemical 

species (carbon monoxide, nitric oxide, nitrogen dioxide, hydrocarbons, and ozone).  McRae et 

al. (1982) introduced a second generation model with updates on “photochemistry, turbulent 

diffusion, surface removal processes, objective analysis procedures, and numerical solution 

techniques” based on available studies at that time.  In this paper, we will be focusing on a 3rd 

generation photochemical model, the Community Multi-scale Air Quality (CMAQ) model (Byun 

and Ching, 1999; Byun and Schere, 2006).  

CMAQ is a 3-dimensional photochemical model aimed to create a “multi-scale, and 

multi-pollutant modeling approach based mainly on the first-principles description of the 

atmosphere” (Byun and Schere, 2006).  The use of a universal coordinate system in solving the 

governing diffusion-reaction equation allows CMAQ to be used for different map projections 

and scales (Byun and Schere, 2006).  The use of a comprehensive definition of the chemistry 

mechanism, numerical solver, and aerosol dynamics allows CMAQ to be used for investigating 

different pollutants (Byun and Schere, 2006).  Some current applications of the CMAQ model in 

simulating the behavior of air toxics are presented below. 
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Majeed et al. (2004) identified areas in Delaware with high air toxics concentrations 

using the CMAQ model.  The meteorology was generated using 2001 meteorological databases 

and processed using the MM5 model.  Emissions were taken from the 1999 National Emissions 

Inventory (NEI) and processed using SMOKE.  The chemical mechanism used is the Carbon 

Bond IV with additional air toxics treated explicitly.  The MM5/SMOKE/CMAQ modeling suite 

was run for the year 2001 with three different grids: 36-, 12-, and 4-km.  The modeling suite was 

also run for the entire month of July 2001 with a 1-km grid.  

Majeed et al. (2004) found that spatial gradients of air toxics, ozone, NOx (NO + NO2), 

and CO were enhanced as the grid spacing was reduced; in the 4-km and 1-km simulations, NOx 

titration of ozone was observed along an interstate highway.  Majeed et al. (2004) also found that 

for the month of July secondary formation dominated total formaldehyde concentration in the 1-

km simulation.  Majeed et al. (2004) noted that isoprene reacting with hydroxyl radical is a 

major contributor to secondary formaldehyde.  Also, secondary formation dominated total 

concentration for acetaldehyde.  Majeed et al. (2004) commented that mobile sources were the 

major contributor to secondary acetaldehyde since it follows carbon monoxide and benzene 

distribution.  Majeed et al. (2004) showed that acrolein concentrations were dominated by direct 

emissions and the hotspots were located where benzene concentrations were also high.  Finally, 

Majeed et al. (2004) found that formaldehyde and acetaldehyde concentrations were affected 

more by long-range transport, while acrolein concentrations were due to local sources.  

In the 4th Annual CMAS Models-3 Users' Conference held in Chapel Hill, NC on 

September 2005, Qiu et al. (2005) presented a poster investigating the effects on air toxic 

concentrations of using a proposed 10% ethanol blend gasoline (E10) in the southeast and 

southwest regions of Canada.  The meteorology used for southeast Canada was from MM5 



11 

simulations for nested domains with grids of 108-, 36-, 12-, and 4-km (Boulton et al., 2004).  

The meteorology used for southwest Canada was from the MC2 mesoscale model run by the 

University of British Columbia.  The MC2 forecast was converted to MM5 format and converted 

from polar-stereographic projection to Lambert-conical-conformal projection (Boulton et al., 

2004).  Emissions for both domains were from the 1999 US NEI and Canadian national 

inventory of Common Air Contaminants for 1995 and processed through SMOKE (Boulton et 

al., 2004).  Qiu et al. (2005) modified the SAPRC-99 mechanism to include explicit modeling of 

1,3-butadiene and benzene species.  The modified mechanism had additional chemistry that dealt 

with these two species.  

Qiu et al. (2005) found that introducing E10 fuel reduces benzene and 1,3-butadiene 

concentration peaks in highly trafficked areas.  For example, in downtown Vancouver maximum 

hourly concentrations of benzene and 1,3-butadiene were reduced by 18% and 10%, 

respectively.  However, acetaldehyde concentrations increased with the use of the E10 fuel. 

Luecken et al. (2006) used the CMAQ model to predict the concentrations of five 

hazardous air pollutants for the contiguous USA for the entire year of 2001. The modeling 

domain consisted of 153 east-west and 117 north-south 36-km grid cells. The five air toxics 

modeled were formaldehyde, acetaldehyde, benzene, 1,3-butadiene, and acrolein; results for the 

first four were compared to observations. The meteorology was generated using the MM5 model.  

Effects of initial conditions were minimized by using a ten day spin-up period. Boundary 

concentrations for benzene, acrolein, and 1,3-butadiene were set to zero due to the assumption 

that emissions dominate over trans-oceanic transport.  Boundary conditions for formaldehyde 

and acetaldehyde were not discussed in the article.  The chemical mechanism was a modified 

version of the SAPRC-99 mechanism (Carter, 2000a, as cited in Luecken et al., 2006).  
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Monthly and 24-hour air toxics concentrations from 35 monitoring sites in eight cities 

were used to evaluate the model results.  The comparisons show that the model under-predicted 

all four species.  The percentage of modeled values within a factor of two compared to the 

observations were formaldehyde 55%, acetaldehyde 65%, benzene 60%, and 1,3-butadiene 46%. 

Luecken et al. (2006) attributed the under-predictions to volume-averaging of concentrations in 

grid models, location of monitoring sites, and uncertainties in chemistry, meteorology, 

emissions, and other physical processes in the model.  Luecken et al. (2006) stated that more 

measurements, both in location and time, were needed to make conclusive evaluation of the 

model. 

Coarfa and Byun (2006) used the CMAQ modeling system to investigate the contribution 

of mobile sources to benzene and toluene concentrations in the Houston-Galveston area.  Coarfa 

and Byun (2006) ran three scenarios: (1) all emissions, (2) no on-road emissions, and (3) no 

mobile emissions (on-road and non-road).  The emissions were from 1999 NEI and processed 

through SMOKE v2.1.  

Coarfa and Byun (2006) showed time-series comparisons of benzene and toluene 

concentrations from scenario 1 to observations at two sites; these showed good correlation in 

terms of concentration magnitudes and timing of peaks.  In comparing the three scenarios, 

Coarfa and Byun (2006) found that the concentrations of the two species drop by 15-30% if on-

road emissions were taken out (scenario 2) and by 35-50% if mobile sources were taken out 

(scenario 3).  

Studies have also been done using the CMAQ model in a hybrid model, which combines 

source-based dispersion and Eulerian grid-based models.  An example of this application is by 

Stein et al. (2007).  The source-based dispersion models used were the Hybrid Single Particle 
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Lagrangian Integrated Trajectory model (HYSPLIT) and AERMOD.  HYSPLIT is a Lagrangian 

model with particle dispersion by the mean wind field and a turbulent component (Stein et al., 

2007).  HYSPLIT was used to model emissions from point sources.  AERMOD was used to 

model the mobile emissions from major roads.  The Eulerian grid based model used to simulate 

the regional background concentrations and large scale photochemistry was CMAQ. The point 

sources and mobile sources modeled in HYSPLIT and AERMOD were not included in the 

CMAQ simulations so that the results from all of the models could be summed to produce the 

final concentration fields.  

 The hybrid modeling approach was applied for the Houston, TX area (Stein et al., 2007).  

Benzene was the chosen pollutant because it is fairly non-reactive (with a 12 day lifetime in the 

troposphere; Stein et al., 2007).  The CMAQ model was run for a 36-km domain that 

encompassed the southern US and a portion of the Gulf of Mexico.  The 36 km CMAQ results 

were used as the background concentrations.  The CMAQ model was also run in a one-way 

nesting mode going from 36-km to 1-km domains with 12-km and 4-km intermediate domains.  

The HYSPLIT model was applied in an ensemble modeling approach for 6 major point sources 

with 27 individual ensemble members.  To produce the ensemble members or modes, 18 modes 

were created by displacing the meteorological field by 1 grid cell in each direction and adding 

150 m to the source height in half of those modes.  These 18 modes took into account the errors 

due to the limited temporal and spatial resolution of the meteorological input.  The other 9 modes 

were produced by varying the initial seed of the random number generator used in the random 

movement of the particles.  The results from the hybrid model and 1 km CMAQ were also 

compared to field measurements from the Texas 2000 air quality study. 
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Stein et al. (2007) found that there were sharper gradients when using the hybrid model 

than just using an Eulerian grid-based model.  This was a result of dilution when using a Eulerian 

grid-based model.  Stein et al. (2007) found that the hybrid model results in a higher 

concentration downwind of the point sources.  The hybrid also followed the geometrical 

distribution of the mobile sources.  Comparison with the Texas 2000 air quality study 

measurements showed that the hybrid yielded concentrations with slightly better agreement with 

observations compared to the results from the 1-km CMAQ. 

 

1.2.3 Summary  

 In this section, several applications of the CMAQ modeling system in predicting air 

toxics concentrations have been presented. Majeed et al. (2004) identified areas in Delaware 

with high air toxics concentrations using the CMAQ model.  Qiu et al. (2005) investigated the 

effects on air toxics concentrations of using a proposed 10% ethanol blend gasoline (E10) in two 

different regions of Canada.  Luecken et al. (2006) used the CMAQ model to predict the 

concentrations of five air toxics for the contiguous USA for the entire year of 2001.  Coarfa and 

Byun (2006) used the CMAQ modeling system to investigate the contribution of mobile sources 

to benzene and toluene concentrations in the Houston-Galveston area.  And Stein et al. (2007) 

used the CMAQ model with the HYSPLIT and AERMOD models to investigate the benzene 

concentration in Houston, TX area.  These studies and their respective results show that the 

CMAQ modeling system is a tool that can be used to study spatial and temporal distributions of 

hazardous air pollutants. 
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CHAPTER 2 

METHODOLOGY 

2.1 Model Domain and Setup 

The modeling domain is 80 km east-west and 50 km north-south.  The modeling domain 

was chosen to capture the emissions from the urban area immediately west of the Nez Perce 

reservation and the transport of pollutants from the urban area to the reservation.  Figure 2.1 

shows the modeling domain and the ground elevation of each grid cell superimposed over a 

topographical map from Google Earth (Google, 2007) for comparison.  

 
Figure 2.1. The top right figure shows the location of the domain of interest as a white box 
within the Pacific Northwest. The modeling domain is shown in a green box superimposed over 
a topographical map from Google Earth (Google, 2007). The colors inside the domain represent 
terrain elevation in meters with the legend on the right hand side. The locations of six 
measurement sites are also shown as green and red arrows. Roads are indicated as yellow lines. 

 

The air quality model to be used needs to account for the emissions, chemistry, transport, 

and deposition of the air toxics.  The model also needs to address the effects of the complex 
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terrain in the area of interest as shown in Figure 2.1.  Finally, the model must incorporate the 

initial and boundary conditions for the species of concern and, if applicable, their chemical 

precursors.  To balance the model runtime and required resolution, 1 km by 1 km horizontal grid 

cells and 27 vertical layers with a 1-hour output time step were chosen.  Table 2.1 shows the 

distribution of the vertical layers.  

 

Table 2.1. Heights of the 27 vertical layers used in the air quality model. 
Vertical 
Layer 

Bottom Elevation 
(m) 

Top Elevation 
(m) 

Height  
(m) 

1 0 19 19 
2 19 37 19 
3 37 75 38 
4 75 113 38 
5 113 150 38 
6 150 226 76 
7 226 303 77 
8 303 458 155 
9 458 615 157 
10 615 775 160 
11 775 856 81 
12 856 938 82 
13 938 1020 82 
14 1020 1103 83 
15 1103 1228 126 
16 1228 1355 127 
17 1355 1484 129 
18 1484 1615 131 
19 1615 2155 540 
20 2155 2728 572 
21 2728 3548 820 
22 3548 4447 899 
23 4447 5443 996 
24 5443 6564 1121 
25 6564 7852 1288 
26 7852 9374 1522 
27 9374 15459 6085 
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2.2 Model Description 

The air quality simulations were conducted using the MM5/SMOKE/CMAQ modeling 

suite.  The Penn State/NCAR Mesoscale Meteorological model version 5 (MM5) (Grell et al., 

1994) was used to simulate meteorological conditions.  The Sparse Matrix Operator Kernel 

Emissions (SMOKE) model (Houyoux et al., 2005) was used to process area, on-road mobile, 

non-road mobile, and point source emission categories for each simulation day.  The transport, 

chemical evolution, and deposition of the air toxics and of other air pollutants, including ozone, 

nitrogen dioxide, nitric oxide, hydroxyl radicals, etc., were simulated by the US EPA/Models-3 

Community Multi-scale Air Quality model v4.6 (CMAQ; Byun and Ching, 1999a ; Byun and 

Schere, 2006).  

 

2.2.1 Penn State/NCAR Mesoscale Model version 5 (MM5) 

A major component of air quality models is the meteorology. Typically, meteorological 

inputs are in the form of numerical weather predictions (NWP).  In NWPs, values of atmospheric 

variables, such as temperature, wind speed, wind direction, and precipitation, are stored at 

equally spaced locations called grid points (Stull, 1995).  The values and evolution with time of 

these variables are determined using a computer program, commonly known as a limited-area 

model (Stull, 1995).  

Two different kinds of limited-area models exist: diagnostic and prognostic models. 

Diagnostic models, such as the CALMET (Scire et al., 1999), interpolate 3-dimensional, mass 

consistent wind fields from available measurements.  Prognostic models, such as MM5 and the 

Weather Research and Forecasting Model (WRF; Skamarock et al., 2005), solve the basic 

equations of the physics and dynamics of the atmosphere.  These equations are non-linear 
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partial-differential equations that can only be solved iteratively.  Therefore a computer is 

employed to determine the values and evolution with time of these variables (Stull, 1995).  

MM5 was chosen for this research because the Department of Atmospheric Sciences at 

the University of Washington (UW) has been successfully running MM5 for the Pacific 

Northwest since 2003 (Mass et al., 2003).  UW runs MM5 simulations for nested domains with 

grids of 36-, 12-, and 4-km.  UW interpolates 1-degree lat/lon grid global forecasts from the 

National Centers for Environmental Prediction’s (NCEP) Global Forecast System (GFS) to use 

as initial and boundary conditions for the 36-km grid MM5 runs (Mass et al., 2003).  

The resolution of the meteorology must be the same as the air quality model, which in 

this study is a horizontal grid spacing of 1 km by 1 km with a 1-hour output time step.  The 

inputs to the 1 km by 1 km grid cell MM5 simulations (1-km MM5) are the initial and boundary 

conditions and land use and terrain data.  

Initial and boundary meteorological conditions were taken from the 4 km by 4 km 

horizontal grid meteorological forecasts (4-km MM5) from UW.  Figure 2.2 shows the areas 

covered by the 4-km and 1-km MM5 simulations.  The 1-km MM5 runs were produced with the 

same physics options as UW except for the horizontal diffusion scheme; some examples of 

physics options used by UW examples were CCM2 Radiation, Reisner 2 Moist Physics, Kain-

Fritsch Cumulus, MRF or Hang-Pan PBL scheme, 5-layer Soil Model, and Bucket Soil Model 

(Mass et al., 2003).  The horizontal diffusion scheme used in this study is the Zangl Scheme 

(2002) to account for the complex terrain in the area of interest. 
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Figure 2.2. The 4-km MM5 domain covers the entire Pacific Northwest. The 1-km MM5 domain 
is enclosed in the white box. 

 

Calculating horizontal diffusion on the terrain-following sigma-coordinate system used 

by MM5 can cause large errors in estimating variables with steep vertical gradients in complex 

terrain; errors such as unwarranted cooling of air in valley bottoms and heating of air in 

mountain tops.  The Zangl diffusion scheme avoids this by calculating horizontal diffusion on a 

truly horizontal coordinate system, calculated through vertical interpolation of the sigma 

coordinate system, for the higher levels.  The higher levels are the layers where the ground 

elevation in the entire domain would not intersect the half-sigma height of those layers. For the 

lower levels, where truly horizontal coordinate system is not possible, horizontal diffusion is 

calculated separately for momentum, moisture, and temperature.  For momentum, a linear 

transition to sigma-coordinate system is employed because friction effects to wind speed follow 

terrain.  For moisture, a combination of one-sided truly horizontal diffusion and orography-

adjusted sigma diffusion is employed.   In the orography-adjusted sigma diffusion, the horizontal 

diffusion is calculated following the valley axis in the sigma-coordinate system.  For the 

temperature, a transition to orography-adjusted sigma diffusion and temperature gradient 

correction to sigma diffusion is employed (Zangl, 2002). 
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To test the new diffusion scheme, Zangl (2002) applied the horizontal diffusion scheme 

in the Inn Valley of the Alps, where the default MM5 horizontal diffusion scheme had failed to 

simulate the wind circulation.  The result of the application showed that the Zangl diffusion 

scheme was able to re-generate the valley wind patterns (Zangl, 2002).  

Raw terrain data is included in the MM5 program dataset and is described in detail in the 

MM5 user’s guide (UCAR, 2005).  The raw terrain data used describes terrain elevation, land-

use, vegetation, land-water mask, soil types, vegetation fraction, and deep soil temperature in 30 

second spatial resolution (UCAR, 2005).  The MM5 terrain processor (TERRAIN; Grell et al., 

1994) horizontally interpolates the raw terrain data to the desired grid (UCAR, 2005). 

The Meteorology-Chemistry Interface Processor (MCIP) formats the meteorology data 

output from MM5 to be compatible with CMAQ and SMOKE.  MCIP translates and processes 

meteorology model outputs (including but not limited to wind fields, boundary layer height, and 

turbulence) to a generalized coordinate system for the CMAQ Chemical and Transport Model 

(CCTM).  By recasting input meteorological data with the variables that satisfy the governing 

equations in a generalized coordinate system, CMAQ can follow the dynamics and 

thermodynamics of the meteorological model closely, regardless of the meteorological model or 

its native coordinate structure.  In cases where parameters are not calculated by the meteorology 

model, such as dry deposition velocities, diagnostic routines are implemented in MCIP to fill the 

data gap (Byun et al., 1999b). 

 

2.2.2 Sparse Matrix Operator Kernel Emissions (SMOKE) 

Realistic emissions are critical to the accuracy of air quality simulations.  The base 

emissions data compiled for the AIRPACT-3 forecast system and representing year 2005 were 



24 

used as input to the Sparse Matrix Operator Kernel Emissions (SMOKE) processor version 2.1 

(Houyoux et al., 2005) to process area, on-road mobile, non-road mobile and point source 

emission categories for each simulation day.  In the AIRPACT-3 inventory (Chen et al., 2008), 

area and non-road mobile emissions are based on the 2002 EPA National Emission Inventory 

(NEI-2002) dataset and adjusted to year 2005 with county and source specific projection factors 

from the EPA Economic Growth Analysis System (EGAS) software (US EPA, 2002).  On-road 

mobile emissions are generated using the EPA MOBILE-6 (US EPA, 2003) emission factors, 

with 2005 mobile activity data from individual states.  Spatial 1-km surrogates were produced by 

the Idaho Department of Environmental Quality (Zhang, 2008) using EPA GIS shape files and 

the UNC Spatial Surrogates Tools v1.1. The spatial distribution of the modeled area and mobile 

emissions are shown in Figure 2.3. A summary of the area and mobile emission rates is shown in 

Table 2.3. 

 
Figure 2.3. Locations of area, on-road mobile, and non-road mobile sources of formaldehyde, 
acetaldehyde, and BTEX overlaid over major highways. The magnitude of the emission rates 
vary and are shown in Table 2.3.  
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Point sources were from the Idaho and Washington 2002 Point Source Inventories.  Point 

sources of air toxics were also taken from Idaho’s 1999 Supplementary Point Source File except 

for a large paper and pulp mill located immediately east of Lewiston, ID.  The direct emissions 

from the paper and pulp mill were taken from 1999 Toxics Report Inventory (TRI-1999) data.  

Additional emissions for formaldehyde were added from speciation of bulk volatile organic 

compound emissions found in the NEI-2002.  The wastewater lagoon was removed from the 

point source emissions category and treated as an area source which affects chloroform and 

trichloroethylene emissions.  This is important to note because SMOKE does not calculate plume 

rise for area sources.  The location of the paper and pulp mill, which is the major source of 

formaldehyde, acetaldehyde, benzene, and chloroform, is shown in Figure 2.4.  A summary of air 

toxic emission rates for four air toxics from the paper and pulp mill is shown in Table 2.2. 

 
Figure 2.4. Location of formaldehyde, acetaldehyde, and benzene point sources and chloroform 
area source overlaid over county lines.   
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Table 2.2. A summary of emissions from the paper and pulp mill. 
 Emissions (Tons/year) 
Compounds 1999 TRI 2002 NEI Total 

Formaldehyde 9 46.1 55.1 
Acetaldehyde 22.4 0 22.4 
Chloroform 50.7 0 50.7 
Benzene 3.7 0 3.7 

 

A summary of emissions for the Nez Perce County, where Lewiston, ID is located, is 

shown in Table 2.3; showing that formaldehyde and acetaldehyde emissions were mostly from 

point sources. A quarter (19.1 tons per year) of chloroform emissions was attributed to the 

wastewater lagoon operated by the paper and pulp mill and, therefore, was categorized as an area 

source. Benzene emissions were primarily from both on-road and non-road emissions.  

 
Table 2.3. A summary of emissions of four air toxics based on source type for Nez Perce County.  

 Emissions (tons/year) 
On-road mobile Area and Total Compounds Point Summer Winter non-road mobile Summer Winter 

Formaldehyde 55.1 5.7 7.5 12.0 72.8 74.6 
Acetaldehyde 22.4 2.6 3.4 4.4 29.4 30.2 
Chloroform  50.7 0 0 19.1 69.8 69.8 
Benzene 3.7 27.2 37.3 28.7 59.5 69.7 

  

The biogenic emissions inventory system version 3 (BEIS3) model from EPA (US EPA, 

2004) is used as part of the SMOKE processor to estimate daily biogenic emissions.  The gridded 

1-km BELD3 land-use dataset was pre-processed to the 1-km domain.  For each forecast, the 

seasonal normalized emissions were adjusted with hourly forecast temperature and shortwave 

radiation to produce gridded volatile organic compounds (VOC), nitric oxide (NO), and nitrogen 

dioxide (NO2) emissions for CMAQ.  These emissions include soil and vegetative NOx (NO + 

NO2), isoprene, terpenes and other non-specific biogenic VOC. 
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2.2.3 Community Multi-scale Air Quality Model (CMAQ) 

The Community Multi-scale Air Quality Model (CMAQ) is described in detail by Byun 

and Ching (1999a) and by Byun and Schere (2006).  CMAQ is developed as a “one-atmosphere 

model”; CMAQ can treat deposition, chemistry, and transport of multiple gas and aerosol phase 

pollutants.  The major components of the CMAQ model are the chemical mechanism, the initial 

and boundary conditions, and the chemical and transport model.  

 

Chemical Mechanism 

 The chemical mechanism in CMAQ defines the chemical transformations of emitted 

gas pollutants, such as air toxics, in the atmosphere (Carter, 2000).  The chemical 

transformations determine the secondary portion of pollutant concentrations for some air toxics, 

such as formaldehyde and acetaldehyde.  The chemical mechanism used is the SAPRC99TX3 

(CMAS, 2006), a mechanism that extends the SAPRC99 version 4.5 (Carter, 2000) for air toxics.  

Typically, air toxics are represented by species categorized as either (1) explicit or (2) 

tracer (CMAS, 2006). The explicit species include secondary formation of the species, while 

tracers do not. Also, some chemicals with similar chemical reaction rates and mechanisms are 

lumped into one for computing efficiency due to the large number of chemicals in the 

atmosphere (Carter, 2000). 

In this application of CMAQ, nine air toxics are considered: formaldehyde, acetaldehyde, 

chloroform, benzene, toluene, o-xylene, m-xylene, p-xylene, and ethyl benzene.  Formaldehyde 

and acetaldehyde are represented in the two species categories: HCHO and CCHO, respectively, 

for explicit and FORM_PRIMARY and ALD2_PRIMARY, respectively, for tracer (CMAS, 

2006). The difference between the explicit and tracer species represent the secondary formation 
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for that specie.  Since formaldehyde and acetaldehyde are aldehydes, secondary formation for 

both is due to the photochemical degradation or oxidation of organic compounds (Seinfeld and 

Pandis, 1997).  Chemical destruction of aldehydes are reactions with hydroxy (OH) and 

hydroperoxy (HO2) radicals and photolysis during daytime and reaction with nitrate radical 

(NO3) at nighttime (Seinfeld and Pandis, 1997). 

Chloroform and benzene are only represented as the tracers CHCL3 and BENZENE, 

respectively (CMAS, 2006).  Toluene, ethyl benzene, o-xylene, m-xylene, and p-xylene are 

represented by lumped species.  Toluene and ethyl benzene are 70% and 10%, respectively, of 

the ARO1 species (CMAS, 2006). o-xylene is 20% of ARO2 specie (CMAS, 2006).  m-xylene 

and p-xylene are 22% each of ARO2 (CMAS, 2006). 

 

Initial and Boundary Conditions 

Initial conditions were set to CMAQ default values using the CMAQ ICON processor. 

The modeling system was run for three modeling days before the first day with observation for 

each season.  Boundary conditions were taken from the 12-km CMAQ forecast simulations 

produced via the AIRPACT-3 air quality forecast system (Chen et al., 2008) operated by the 

Laboratory for Atmospheric Research at Washington State University.  This system also 

employs then MM5/MCIP/SMOKE/CMAQ modeling suite (Chen et al., 2008).  AIRPACT-3 

uses a 95 by 95 grid domain over the Pacific Northwest and has a 12 km by 12 km horizontal cell 

size (Chen et al., 2008).  The AIRPACT-3 simulations were processed through the CMAQ 

boundary (BCON) conditions processor to match the 1-km CMAQ domain of this study. 

 The monthly average of chemical boundary values for eight air toxics are shown in 

Figure 2.5.  Appendix B gives a table of chemical boundary values sorted by different directions 
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averaged monthly.  Chloroform is assumed to have a boundary value of zero.  In Figure 2.5, the 

formaldehyde and acetaldehyde (aldehydes) boundary values are greater for the August-

September period, while toluene and the xylene isomers boundary values are greater for the 

December-January period. Benzene and ethyl benzene is nearly constant for these four months. 
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Figure 2.5. Monthly-averaged chemical boundary conditions of eight air toxics. Formaldehyde 
and acetaldehyde (aldehydes) values correspond to the left axis. The benzene, toluene, ethyl 
benzene, o-xylene, m-xylene, and p-xylene (BTEX) correspond to the right axis.  
 

Chemical and Transport Model 

The transport (advection and diffusion), deposition, and chemical processes are treated in 

the CMAQ Chemical and Transport Model (CCTM).  Each process is represented in the 

pollutant conservation equation, or atmospheric diffusion-reaction equation, discussed in the 

literature review in Chapter One.  CCTM treats can treat each process separately by “operator-

splitting” (Byun and Schere, 2006).  Operator-splitting also allows each process to be calculated 

using different numerical methods and time steps (Byun and Schere, 2006).  The treatment of 

each is summarized here and is discussed in detail in Byun and Schere (2006) and in periodic 
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updates on the Community Modeling and Analysis System (CMAS) website 

(http://www.cmascenter.org).  

 

Advection 

The advection process in the CCTM is split in horizontal and vertical components.  The 

horizontal component is driven by mean atmospheric motion, while the vertical component is 

mostly by thermodynamics and dynamics (Byun and Schere, 2006).  

In September 2006, CMAS introduced the option of using a mass-conserving advection 

scheme (YAMO) based on discussions with Robert Yamartino.  In the YAMO option, the 

piecewise parabolic method (PPM) is used to calculate the horizontal advection; and the 

continuity equation using the density from the driving meteorological model (MM5 in this 

application) is then used to calculate the vertical velocity component at each grid cell (CMAS, 

2006).  PPM is a flux-based algorithm that assumes pollutant concentrations to be parabolic 

within each grid cell (Byun and Schere, 2006).  The YAMO option was used for both horizontal 

and vertical components of advection. 

 

Diffusion 

The diffusion process in the CCTM is split in horizontal and vertical components based 

on the gradient transport theory or K-theory.  “The horizontal diffusion equation is solved with 

an explicit finite difference method with sufficiently small time step to ensure positive 

solutions”.  The vertical diffusion equation is solved using a “semi-implicit method based on a 

Thomas algorithm (Gaussian elimination without pivoting, followed by back substitution)”.  
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Horizontal and vertical eddy diffusivities are preferred to be calculated in the meteorological 

model (Byun and Schere, 2006). In this study, the eddy diffusivities are calculated in MM5.  

 

Dry Deposition 

In CCTM, dry deposition is treated as a diffusion flux to ground surfaces in the lowest 

layer (Byun and Schere, 2006).  The concentration in the lowest layer of the model is multiplied 

by a dry deposition velocity to calculate the amount deposited (Byun and Schere, 2006).  The dry 

deposition velocity is calculated in MCIP.  The MCIP version used in this thesis has two 

estimation methods available: RADM and Models-3/CMAQ Dry Deposition model methods 

(Byun et al., 1999).  Both methods use “resistance-in-series” to calculate the dry deposition 

velocities but the calculation of resistances are different (Byun et al., 1999).  The RADM method 

uses the resistance calculation methods from Wesely (1989 as cited in Byun et al., 1999) and 

Models-3/CMAQ Dry Deposition model method uses methods from Pleim et al. (1997 as cited 

in Byun et al., 1999).  In this thesis, the Models-3/CMAQ Dry Deposition model method was 

used. 

 

Gas-phase Chemistry 

Gas-phase chemistry in the CCTM is defined by the chemical mechanism.  In this thesis, 

the SAPRC99TX chemical mechanism is used.  The Euler Backward Iterative (EBI) numerical 

solver (Hertel et al., 1993) was used in this thesis for the gas-phase chemistry calculations 

described by the SAPRC99TX3 chemical mechanism.  The EBI is considered a standard method 

because it allows chemistry transformations of air toxics to affect ozone and radical 
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concentrations (CMAS, 2006).  An alternative method for air toxic chemistry calculations that 

does not affect the ozone and radical concentrations is described by Luecken et al. (2006). 

 

Aqueous-phase Chemistry 

The aqueous chemistry module in the CCTM is taken from RADM v2.6.  Gas-phase 

species are deposited on cloud waters based on the thermodynamic equilibrium.  No 

modifications were required to link the SAPRC99 gas-phase mechanism to the aqueous 

chemistry model (Byun and Schere, 2006).  

 

2.3 References 

Byun, D. W., and J. K. S. Ching (1999), Science algorithms of the EPA Models-3 Community 
Multi-scale Air Quality (CMAQ) modeling system, EPA Rep., EPA/600/R-99/030, National 
Exposure Research Laboratory, Research Triangle Park, N. C. 
 
Byun, D.W., J.E. Pleim, R.T. Tang, and A. Bourgeois (1999), Meteorology-chemistry interface 
processor (MCIP) for Models-3 Community Multiscale Air Quality (CMAQ) modeling system. 
In Science algorithms of the EPA Models-3 Community Multiscale Air Quality (CMAQ) 
modeling system. Chapter 12. D.W. Byun, and J.K.S. Ching (Eds.). EPA/600/R-99/030, National 
Exposure Research Laboratory, Research Triangle Park, NC, 1–91.  
 
Byun, D. W., and K. L. Schere (2006), Review of the governing equations, computational 
algorithms, and other components of the Models-3 Community Multiscale Air Quality (CMAQ) 
modeling system, Appl. Mech. Rev., 59(2), 51–77. 
 
Carter, W.P.L. (2000), Implementation of the SAPRC-99 chemical mechanism into the models-3 
framework, Report to the United States Environmental Protection Agency, January 29. Available 
online at http://pah.cert.ucr.edu/~carter/absts.htm 
 
Chen, J., J. Vaughan, J. Avise, S. O’Neill, and B. Lamb (2008), Enhancement and evaluation of 
the AIRPACT ozone and PM2.5 forecast system for the Pacific Northwest, J. Geophys. Res., in 
press. 

CMAS (2006), HAZARDOUS_AIR_POLLUTANTS - 29 Sep 2006. Available online at 
http://www.cmascenter.org/help/model_docs/cmaq/4.6/HAZARDOUS_AIR_POLLUTANTS.txt 
 
Google (2007), Google Earth, http://earth.google.com, Software downloaded September 2007. 
 



33 

Grell, G. A. J. Dudhia, J. D.R. Stauffer (1994), A Description of the Fifth-Generation Penn 
State/NCAR Mesoscale Model (MM5), National Center for Atmospheric Research, Boulder, 
CO, NCAR/TN-389+STR. 
 
Hertel, O., R. Berkowicz and J. C. Hov (1993), Test of two numerical schemes for use in 
atmospheric transport-chemistry models. Atmospheric Environment, 27, 2591-2611.  
 
Houyoux, M., M. Strum, N. Possiel, W.G. Bengey, R. Mason, G. Pouliot, D. Loughlin, A. Eyth, 
C. Seppanen (2005), EPA’S new emissions modeling framework, Presented at the 14th 
International Emission Inventory Conference: Transforming Emission Inventories - Meeting 
Future Challenges Today, US Environmental Protection Agency (US EPA), Las Vegas, Nevada, 
April 11 – 14. 
 
Luecken, D.J., W.T. Hutzell and G.J. Gipson (2006), Development and analysis of air quality 
modeling simulations for hazardous air pollutants, Atmospheric Environment 40 (2006), pp. 
5087–5096. 

Mass, C.F., M. Albright, D. Ovens, R. Steed, M. MacIver, E. Grimit, T. Eckel, B. Lamb, J. 
Vaughan, K. Westrick, P. Storck, B. Colman, C. Hill, N. Maykut, M. Gilroy, S.A. Ferguson, J. 
Yetter, J.M. Sierchio, C. Bowman, R. Stender, R. Wilson, W. Brown (2003), Regional 
Environmental Prediction Over the Pacific Northwest. Bull. Amer. Meteor. Soc., 84, 1353–1366. 
 
Scire et al. (2000). J.S. Scire, F.R. Robe, M.E. Fernau and R.J. Yamartino. A User's Guide for 
the CALMET Meteorological Model, Version 5, Earth Tech, Inc., Concord, MA (2000). 
 
Seinfeld, J. and S. Pandis, (1997). Atmospheric Chemistry and Physics: From Air Pollution to 
Climate Changes. John Wiley & Sons , London, England. 
 
Skamarock, W. C., J. B. Klemp, J. Dudhia, D. O. Gill, D. M. Barker, W. Wang and J. G. Powers, 
(2005). A Description of the Advanced Research WRF Version 2, available at http://www.wrf-
model.org/wrfadmin/publications.ph. 
 
Stull, R.B. (1995). Meteorology today for scientists and engineers, West Publishing Company, 
Minneapolis, MN (1995) 385 pp. 
 
UCAR (2005), PSU/NCAR mesoscale modeling system tutorial class notes and user’s guide: 
MM5 modeling system version 3: Chapter 4 TERRAIN. Available online at 
http://www.mmm.ucar.edu/mm5/documents/MM5_tut_Web_notes/TERRAIN/terrain.htm 
 
US EPA (2002), US EPA Biogenic Emissions Inventory System (BEIS) Modeling. Available 
online at http://www.epa.gov/AMD/biogen.html 
 
US EPA (2003), US EPA MOBILE6 Vehicle Emission Modeling Software. Available online at 
http://www.epa.gov/otaq/m6.htm 
 
US EPA (2004), US EPA Economic Growth Analysis System (EGAS) software. Available 
online at http://www.epa.gov/ttn/chief/emch/projection/index.html 



34 

 
Zangl, G. (2002). An improved method for computing horizontal diffusion in a sigma-coordinate 
model and its application to simulations over mountainous topography, Mon. Wea. Rev. 130, pp. 
1423–1432. 
 
Zhang, W. (2008), Idaho Department of Environmental Quality. personal communication. 
 



35 

CHAPTER 3 

HIGH-RESOLUTION APPLICATION OF THE MM5/MCIP/SMOKE/CMAQ 

MODELING SUITE FOR AIR TOXICS IN A DEEP RIVER VALLEY 

3.1 Introduction 

Hazardous air pollutants (HAP), or air toxics, are air-borne contaminants known or 

suspected to cause serious deterioration of human health and degradation of the environment (US 

EPA, 2008).  According to the US EPA (2008), most sources of air toxics are anthropogenic 

activities, such as vehicular traffic and industrial processes.  Both types of sources exist in the 

Lewiston, ID – Clarkston, WA urban area located immediately west of the Nez Perce 

Reservation in Idaho.  The urban area is in a deep river valley at the confluence of the Clearwater 

and Snake Rivers.  These sources and the potential for limited dispersion of pollutants within the 

valley raised concerns about the levels of air toxics within both the urban area and the tribal 

lands of the Nez Perce tribe.   

Air quality models have been used in the past to assess risks. Luecken et al. (2006) used a 

three-dimensional air quality model to model the concentrations of five hazardous air pollutants 

for the contiguous USA for the entire year of 2001.  The five air toxics modeled were 

formaldehyde, acetaldehyde, benzene, 1,3-butadiene, and acrolein; results for the first four were 

compared to measured 24-hour and monthly averaged air toxics concentrations from 35 

monitoring sites in eight cities.  The comparisons showed that the model under-predicted these 

species.  The percentage of modeled values within a factor of two compared to the observations 

were formaldehyde 55%, acetaldehyde 65%, benzene 60%, and 1,3-butadiene 46%.  Luecken et 

al. (2006) attributed the under-predictions to the effects of  volume-averaging of concentrations 
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in the grid model, location of monitoring sites, over-simplified chemistry in the model, and 

uncertainties in meteorology, emissions, and other physical processes in the model.  

The air quality model to be used for this project needs to account for emissions, transport, 

deposition, and chemistry of multiple air toxics simultaneously.  The Community Multi-scale Air 

Quality (CMAQ) modeling system was selected for its “one-atmosphere” capability (Byun and 

Ching, 1999a); it can address the transport, deposition, and chemistry of multiple air toxics 

concurrently.  Luecken et al. (2006) described the adaptation of the CMAQ model to examine 

the spatial and temporal distribution of air toxics over a large domain.  In this paper, the CMAQ 

modeling system was applied to a small domain and with high spatial (1 km by 1 km horizontal 

grid cells) and temporal (1 hour output) resolutions.  The model was run for four months: August 

and September 2006 representing summer conditions, and December 2006 and January 2007 

representing winter conditions.  

The objectives of this work are twofold: 1) to evaluate the MM5/SMOKE/CMAQ 

modeling suite for air toxics applied in the valley during the summer and winter seasons and 2) 

to employ the model to develop a more complete temporal and spatial description of air toxics 

ambient levels within the domain.  This work is designed as follow-on to a one year air toxics 

monitoring program that was conducted in the valley from May 2006 to April 2007. This study 

focuses on nine air toxics: formaldehyde, acetaldehyde, chloroform, benzene, toluene, ethyl 

benzene, o-xylene, m-xylene, and p-xylene (the last seven species are collectively known as 

BTEX). 
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3.2 Methodology 

3.2.1. Measurements 

During 2006, a comprehensive air toxics monitoring program was conducted within the 

urban area and the Nez Perce reservation.  Measurements for gaseous and particulate species 

were obtained at five sites.  The measurements involved 24-hr average sample collection on a 1-

in-6 day sampling schedule for approximately one year beginning in May 2006.  Air samples at 

the five sites were collected in canisters and DNPH cartridges using the ATEC 2200 sampler 

(Fauci and Simpson, 2008).  Canister samples were analyzed using cryogenic preconcentration 

gas chromatography for a number of gas phase volatile organic compounds.  Cartridge samples 

were extracted for analysis of aldehydes using ion chromatography (Fauci and Simpson, 2008).  

A set of duplicate measurements were used to evaluate the precision of the measurements 

through the fractional gross error (EFGE).  The EFGE is defined as:    
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where N is the number of duplicate pairs available, and D1 and D2 are the first and second 

duplicate measurements.  EFGE ranges from 0 to 2; the closer to 0 the better the agreement. The 

EFGE of the duplicates averaged over the whole year were: formaldehyde 0.12, acetaldehyde 0.11, 

chloroform 0.17, and benzene 0.62.  These numbers should be noted when comparing the 

modeled concentrations to the measurements. 

Meteorological data, including wind speed, wind direction, and temperature, were 

obtained and averaged every 1 hour at 10 m height on three of the five air toxics monitoring sites 

and at multiple levels on a tall tower located east of Lewiston, ID on the property of a large paper 

and pulp mill.  Figure 3.1 shows the locations of the measurement sites.  
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Figure 3.1. The top right figure shows the location of the domain of interest as a white box 
within the Pacific Northwest. The CMAQ model domain in a green box superimposed over a 
topographical map from Google Earth (Google, 2007) is shown in the top left. The colors inside 
the domain represent terrain elevation in meters with the legend on the bottom left. The locations 
of six measurement sites are shown in the expanded inset map. Air toxics data were collected at 
five sites (A, B, C, E, and F). Meteorological data were collected from four sites (B, D, E, and 
F). The measurement sites are labeled as (A) ITD, (B) Hatwai, (C) LSOB, (D) Met Tower, (E) 
Lapwai, and (F) Sunset Park. Roads are indicated as yellow lines. 
 
 
3.2.2. Modeling 

The air quality simulations were conducted using the MM5/MCIP/SMOKE/CMAQ 

modeling suite from August to September 2006 and from December 2006 to January 2007.  The 

transport, chemical evolution, and deposition of the toxic air pollutants were simulated by the US 

EPA/Models-3 Community Multi-scale Air Quality model v4.6 (CMAQ) described by Byun and 

Ching (1999a) and by Byun and Schere (2006).  The CMAQ model was run for a 50 km by 80 
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km domain, shown in Figure 3.1.  The chemical mechanism used is the SAPRC99TX3 (CMAS, 

2006), a mechanism that extends the version 4.5 of SAPRC99 (Carter, 2000) for air toxics. 

Because of the complex terrain within the domain (Figure 3.1), the simulations were conducted 

using a horizontal grid spacing of 1 km by 1 km with a 1 hour output time step.  

 

Meteorology 

The meteorological input for the CMAQ model was generated using the Penn 

State/NCAR Mesoscale Meteorological model version 5 (MM5) (Grell et al., 1994).  The spatial 

and temporal resolution of the meteorology must match that of the air quality model; thus, 

horizontal grid spacing of 1 km by 1 km with a 1-hour output time step was used.  The inputs to 

the 1 km by 1 km grid cell MM5 simulations (1-km MM5) are the initial and boundary 

conditions and terrain data.  

The Department of Atmospheric Sciences at the University of Washington (UW) runs 

MM5 twice a day in order to produce 4 km by 4 km horizontal grid spacing meteorological 

forecasts (4-km MM5) for the Pacific Northwest (Mass et al., 2003).  The UW 4-km MM5 

outputs were used as the initial and boundary conditions for 1-km MM5 simulations.  

Raw terrain data is included in the MM5 program dataset and is described in detail in the 

MM5 user’s guide (UCAR, 2005). The raw terrain data used describes terrain elevation, land-

use, vegetation, land-water mask, soil types, vegetation fraction, and deep soil temperature in 30 

second spatial resolution (UCAR, 2005). The MM5 terrain processor (TERRAIN) horizontally 

interpolates the raw terrain data to the desired domain and resolution (UCAR, 2005). 

The 1-km MM5 output was used as the meteorological input for CMAQ after being 

processed through the Meteorology-Chemistry Interface Processor v3.3 (MCIP). MCIP reads the 
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1-km MM5 data and calculates radiation fields and dry deposition velocities (Byun et al., 

1999b). MCIP then generates CMAQ-compatible files that have the necessary meteorological 

variables from the 1-km MM5 simulations (Byun et al., 1999b).  

 

Emissions 

 Realistic emissions are critical to the accuracy of air quality simulations. The base 

emissions data, originally compiled for the AIRPACT-3 forecast system and representing year 

2005, were used as input to the Sparse Matrix Operator Kernel Emissions (SMOKE) processor 

version 2.1 (Houyoux et al., 2005) to process area, on-road mobile, non-road mobile and point 

source emission categories for each simulation day.  In the AIRPACT-3 inventory (Chen et al., 

2008), area and non-road mobile emissions were based on the 2002 EPA National Emission 

Inventory (NEI-2002) dataset and adjusted to year 2005 with county and source specific 

projection factors from the EPA Economic Growth Analysis System (EGAS) software (US EPA, 

2002).  On-road mobile emissions were generated using the EPA MOBILE-6 (US EPA, 2003) 

emission factors, with 2005 mobile activity data from individual states.  Spatial 1-km surrogates 

were produced by the Idaho Department of Environmental Quality (Zhang, 2008) using EPA 

GIS shape files and the UNC Spatial Surrogates Tools v1.1.  The only major point source within 

in this domain is a large paper and pulp mill located immediately east of Lewiston, ID.  

The biogenic emissions inventory system version 3 (BEIS3) model from EPA (US EPA, 

2004) was used as part of the SMOKE processor to estimate daily biogenic emissions.  The 

gridded 1-km BELD3 land use dataset was preprocessed to the 1-km domain.  For each 

simulation, the seasonal normalized emissions were adjusted with hourly simulation temperature 

and shortwave radiation to produce gridded volatile organic compounds (VOC), nitric oxide 
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(NO), and nitrogen dioxide (NO2) emissions for CMAQ.  These emissions include soil and 

vegetative NOx (NO + NO2), isoprene, terpenes and other non-specific biogenic VOC. 

 

Initial and Boundary Conditions 

Initial conditions were set to CMAQ default values using the CMAQ ICON processor. 

The modeling system was run for three modeling days before the first day with observation for 

each season. Boundary conditions were taken from the 12-km grid AIRPACT-3 forecast 

simulation for each modeling period. The Laboratory for Atmospheric Research at Washington 

State University produces daily air-quality forecasts using a MM5/MCIP/SMOKE/CMAQ 

modeling suite, called AIRPACT-3 (Chen et al., 2008). AIRPACT-3 covers a 1140 km square 

domain over the Pacific Northwest and has a 12 km by 12 km horizontal grid size (Chen et al., 

2008). The AIRPACT-3 simulations were processed through the CMAQ boundary (BCON) 

conditions processor to match the 1-km CMAQ domain. 

 
 
3.3 Results and Discussions 
 
3.3.1. Comparison of Measured and Modeled Meteorology 

There were four meteorological measurement sites (Lapwai, Hatwai, Sunset Park, and 

Met Tower) used in the air toxics campaign in 2006; the sites are shown in Figure 3.1. 

Temperature, wind speed, and wind direction from the 1-km MM5 simulations were compared to 

the 1-hr averaged observed meteorological data both graphically and statistically.  In the 

comparisons, temperature and wind speed are averaged over the four sites because all sites 

exhibit the same temporal pattern and magnitudes of the two variables.  Wind Direction is not 

averaged because each site shows a different characteristic for this variable. 



42 

Statistical measures used to evaluate the modeled meteorology quantitatively included: 

mean bias (MB), mean absolute gross error (MAGE), and root mean square error (RMSE).  The 

mathematical expressions for the MB, MAGE, and RMSE are: 
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where n is the number of data points available, Mi is the predicted value, and Oi is the measured 

value. A MB of zero shows a lack of bias (Wilks, 2006).  The MB will exhibit positive values if 

the model overestimates and negative values if the model underestimates the measured values 

(Wilks, 2006).  The MB does not represent the magnitude of individual model errors, while the 

MAGE and RMSE do.  The MAGE and RMSE can be read as the typical magnitude of the 

simulation error (Wilks, 2006).  Both the MAGE and RMSE are zero when there is perfect 

agreement and increases as the discrepancy of the predicted and measured values increase 

(Wilks, 2006).  The RMSE is more sensitive to big difference between simulations and 

measurements than the MAGE, therefore large discrepancies between RMSE and MAGE 

indicate large discrepancies between the model and observations (Wilks, 2006).  Tables 3.1 and 

3.2 show the results of the statistical measures comparing observed and modeled wind speed, 

temperature, and wind direction for the August-September (Aug-Sep) and December-January 

(Dec-Jan) periods.  
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Table 3.1. Statistical measures comparing observed and modeled wind speed and temperature 
averaged over four sites. 

August - September 
  Mean MB MAGE RMSE 

Observation 294 
Temperature (K) 

Model 294 
0 3 3 

Observation 2.1 
Wind Speed (m/s) 

Model 2.0 
-0.1 1.2 1.7 

      

December – January 
  Mean MB MAGE RMSE 

Observation 274 
Temperature (K) 

Model 274 
0 2 3 

Observation 2.4 
Wind Speed (m/s) 

Model 2.4 
0 1.5 2.0 

  
Table 3.2. Statistical measures comparing observed and modeled wind direction for the four 
sites.  

August - September 
  Mean MB MAGE RMSE 

Observation 173 
Lapwai 

Model 222 
49 70 85 

Observation 137 
Hatwai 

Model 163 
26 63 82 

Observation 173 
Sunset park 

Model 172 
-1 63 81 

Observation 185 
Met Tower 

Model 172 
-12 79 97 

      

December – January 
  Mean MB MAGE RMSE 

Observation 191 
Lapwai 

Model 182 
-8 76 92 

Observation 106 
Hatwai 

Model 136 
29 62 83 

Observation 157 
Sunset park 

Model 132 
-25 68 86 

Observation 159 
Met Tower 

Model 119 
-40 80 99 
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Figure 3.2 shows the modeled and measured temperatures averaged over the four sites as 

a function of time for August, September, December, and January.  It shows that the 1-km MM5 

captured the observed diurnal patterns, but misses some daily highs and nightly lows.  As shown 

in Table 3.1, the modeled temperature captured the monthly means of the observed temperatures 

for all months.  The MB for Aug-Sep and Dec-Jan period does not show any tendency of the 

model to overestimate or underestimate.  The values of MAGE and RMSE for both periods 

reflected the model under-/over-predictions of daytime highs and nighttime lows.  

 

 
Figure 3.2. Observed and predicted temperatures averaged over four sites as a function of time 
for August (top), September, December, and January (bottom).  
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Figure 3.3 shows the modeled and measured wind speeds averaged over the four sites as 

a function of time for August, September, December, and January.  The 1-km MM5 predicts the 

timing of the changes and magnitude of wind speed reasonably well for all months.  As shown in 

Table 3.1, the model does not show any bias for any of the months.  The values of MAGE and 

RMSE for wind speed were similar to model performance measures at 4 km and 12 km as 

documented on the MM5 UW website (http://www.atmos.washington.edu/mm5rt/mm5info.html) 

and Mass et al. (2002). 

 

 
Figure 3.3. Observed and predicted wind speeds averaged over four sites as a function of time for 
August (top), September, December, and January (bottom).  
 
 

Figures 3.4, 3.5, 3.6, and 3.7 show the modeled and measured wind directions for the 

Lapwai, Hatwai, Sunset Park, and Met Tower sites as windroses for August, September, 
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December, and January.  A windrose is a polar plot that shows the distribution of wind speeds by 

direction.  The length of each “spoke” corresponds to the frequency of time that the wind is 

coming from the indicated direction.  The colors within the spoke correspond to the wind speeds 

for that particular direction.  The lengths of the colored spoke sections give percent of time for 

that direction and speed.  

The windroses show that observed wind direction for the Lapwai site were mostly from 

the south-southeast; for the Hatwai site were from the east-northeast; for the Sunset Park were 

from the east and east-southeast; and for the Met Tower site were from west-southwest and east 

directions.  Graphically (Figures 3.4 to 3.7) and statistically (Table 3.2), the 1-km MM5 was best 

at capturing the wind directions at the Hatwai site; and worst at the Lapwai site.  However, the 

MAGE and RMSE values reflect the difficulty in accurately predicting wind directions for 

specific monitoring sites even using a 1-km grid for the meteorological simulations: MAGE 

ranged from 62 to 80 degrees and RMSE ranged from 81 to 99 degrees.  This level of variation is 

also similar to model performance measures at 4 km and 12 km as documented on the MM5 UW 

website and Mass et al. (2002). 
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Figure 3.4. Observed (top) and modeled (bottom) wind directions shown as windroses for 
August, September, December, and January for the Lapwai site. The numbers next to the 
windroses show the percentages corresponding to the outer-most circle of that plot.  

 
Figure 3.5. Observed (top) and modeled (bottom) wind directions shown as windroses for 
August, September, December, and January for the Hatwai site. The numbers next to the 
windroses show the percentages corresponding to the outer-most circle of that plot.  
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Figure 3.6. Observed (top) and modeled (bottom) wind directions shown as windroses for 
August, September, December, and January for the Sunset Park site. The numbers next to the 
windroses show the percentages corresponding to the outer-most circle of that plot.  

 

 
Figure 3.7. Observed (top) and modeled (bottom) wind directions shown as windroses for 
August, September, and December for the Met Tower site. The numbers next to the windroses 
show the percentages corresponding to the outer-most circle of that plot.  
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3.3.2. Comparison of Measured and Modeled Air Toxics Concentrations 

In this research, August and September months represent summer conditions and 

December and January represent winter conditions.  Table 3.3 presents 2-month averages of 

modeled and observed air toxics concentrations, except for observed concentrations of 

formaldehyde and acetaldehyde for the summer months.  

The data in Table 3.3 are averaged and presented in this two time periods except for 

observed formaldehyde and acetaldehyde (aldehydes) concentrations.  The observed aldehyde 

concentrations for August are found to be much higher than for September.  

 
Table 3.3. Monthly means of modeled and observed 24-hr averaged air toxic concentrations. 

 Nez Perce Air Toxics Study (2006-2007) 
 Observed Concentrations (ppbV) Modeled Concentrations (ppbV) 
 Aug Sep Dec-Jan Average Aug-Sep Dec-Jan Average
Formaldehyde 8.3 3.2 1.2 4.2 1.6 0.5 1.0 
Acetaldehyde 4.2 1.4 0.5 2.0 0.5 0.2 0.4 
Chloroform 0.05 0.03 0.04 0.10 0.12 0.11 
Benzene 0.5 0.6 0.5 0.1 0.2 0.1 
Toluene 0.6 0.5 0.6 0.3 0.4 0.3 
Ethyl Benzene 0.08 0.07 0.07 0.04 0.06 0.05 
o-xylene 0.1 0.1 0.1 0.1 0.2 0.2 
m- and p-xylene 0.2 0.2 0.2 0.3 0.4 0.3 

 

Table 3.4 shows observed concentrations from different studies covering various scales 

from individual sites to national scales.  McCarthy et al. (2007) evaluated the US EPA national 

database of ambient air toxic measurements collected from 1990 to 2005 from hundreds of sites 

across the United States.  Montecastro et al. (2008) measured ambient BTEX concentrations at 

the Beacon Hill site in the Seattle area from 2000 to 2005.  Oregon Department of 

Environmental Quality measured air toxics concentrations from 1999 to 2000 at five locations in 

the Portland, OR area (Rosenbaum et al., 2004).  During the Air Toxics Pilot Study, air toxics 
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measurements were taken at 35 sites in eight cities: San Jacinto, CA, Grand Junction, CO, 

Tampa, FL, Cedar Rapids, IA, Detroit, MI, Rio Rancho, NM, Providence, RI, and Seattle, WA 

(Luecken et al., 2007).  

 
Table 3.4. Observed concentrations in ppbV of air toxics from different studies. 

 

McCarthy 
et al. 

(2007) 
Montecastro et 

al. (2008) 
Rosenbaum 
et al. (2004) Luecken et al. (2007) 

 1990-2005 
2001-
2003 2005 2004 2001-2002 

 Annual Annual Annual Annual Summer Winter Annual
Formaldehyde 2.23 -- -- 2.24 3.22 1.72 2.18 
Acetaldehyde 0.98 -- -- 1.36 1.22 0.88 1.02 
Chloroform 0.025 -- -- 0.054 -- -- -- 
Benzene 0.32 0.46 0.17 0.66 0.3 0.44 0.35 
Toluene 0.63 1.32 0.8 -- -- -- -- 
Ethyl 
Benzene 0.1 0.2 0.12 -- -- -- -- 
o-xylene 0.11 -- -- -- -- 
m-xylene and 
p-xylene 0.25 

1.1 
 

0.63 
 -- -- -- -- 

 

Table 3.4 is a compilation of measurements from areas and time periods of different 

characteristics such as air toxics sources and topography.  Thus, Table 3.4 gives a typical range 

of concentration for each air toxic.  Table 3.4 shows that all the observed air toxic concentrations 

in this study are in the typical concentration range from Table 3.3 except for the aldehyde 

concentrations during August.  The observed concentrations of formaldehyde and acetaldehyde 

in this study for the month of August is a factor of 2 to 3 higher than from other studies even 

when compared to summer values in Luecken et al. (2007).  

The primary source of BTEX is vehicles. McCarthy et al. (2007) and Montecastro et al. 

(2008) reported decreasing BTEX concentrations due to various mobile emission controls 

including vapor recovery systems in refueling stations and low sulfur diesel fuel in highway 
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fleets.  In Seattle, the control strategies were implemented in 2004 and thus, Montecastro et al. 

(2008) observed lower concentrations of BTEX during 2005 than during the 2001-2003 period as 

shown in Table 3.4.  Observed benzene concentrations in the Nez Perce study are shown to 

correspond to pre-control (2001-2003) concentrations; however, the rest of the BTEX 

compounds correspond to post-control (2005) concentrations.  An additional source of benzene 

other than mobile sources in the area of interest is a possible explanation for this disagreement.  

The ratio of 24-hr averaged predicted to observed concentrations were calculated for each 

species and shown as monthly means in Table 3.5; showing that the modeling results 

underestimated 24-hr average concentrations for formaldehyde, acetaldehyde, and benzene for 

all months.  Formaldehyde and acetaldehyde concentrations were underestimated by a factor of 5 

during August and between factors of 2 to 2.5 for the other three months.  Benzene was 

underestimated by a factor of 5 during August and by a factor of 3 for the other three months.   

The model overestimated observed concentrations of toluene and ethyl benzene during January 

and underestimated for the rest of the months but was within a factor of two-and-a-half (between 

factors of 0.4 and 2.5) of the observed concentrations for all months.  The model overestimated 

observed concentrations of chloroform and xylene isomers were for most months but were 

within a factor of two of the observations during August and September. 

 
Table 3.5. Monthly average of the ratio of modeled to observed concentrations for the nine air 
toxic species. 

  August September December January 
Formaldehyde 0.2 0.6 0.4 0.5 
Acetaldehyde 0.2 0.5 0.4 0.4 
Chloroform 1.9 1.6 3.0 5.4 

Benzene 0.2 0.3 0.3 0.3 
Toluene 0.4 0.5 0.7 1.4 

m- and p-xylene 0.8 1.6 2.0 3.2 
o-xylene 1.0 1.8 2.5 4.5 

Ethyl benzene 0.6 0.6 0.8 1.7 
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 The fact that the model underestimated some species, but overestimated others suggest 

that the errors were not associated with meteorology (i.e., boundary layer depth, wind speed, 

etc.).  Rather, the errors in the model results may be caused by either errors in the emission 

inventory or errors in specification of boundary values.  Additionally for the aldehydes, 

inaccuracies in capturing contributions associated with wildfires within the region during the 

summer period or incorrect representation of the chemistry leading to secondary formation could 

also cause underestimations.  

 

3.3.3. Fire Contribution to Formaldehyde and Acetaldehyde Concentrations 

Higher aldehyde (formaldehyde and acetaldehyde) concentrations are expected during the 

summer season, represented by August and September months in this study, than during the 

winter season because of higher secondary formation; this was captured both in the 

measurements and modeling.  However, measured concentrations of the aldehydes for August 

were on average a factor of 3 higher than for September.  Monthly averaged 24-hr measured 

formaldehyde and acetaldehyde concentrations are 8 ppbV and 4 ppbV, respectively, for August 

and 3 ppbV and 1 ppbV, respectively, for September.  Modeled concentrations of the aldehydes 

do not exhibit this magnitude of change.  Thus the ratio of modeled to observed concentrations 

was a factor of 3 lower for August than for September (Table 3.5).  Wildfires, a large source of 

volatile organic compounds (VOC), particulates (such as PM2.5), and carbon monoxide (CO), 

were initially suspected to cause the drastic difference in aldehyde concentrations for the two 

different months.  Wildfires were incorporated in this study through the boundary conditions 

taken from the AIRPACT-3 system.  Figure 3.8 shows AIRPACT-3 modeled CO concentrations 

in the AIRPACT-3 modeling domain; showing two fires burning in Washington.   
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Figure 3.8. Carbon Monoxide (CO) concentrations as simulated by AIRPACT-3 system for 
August 28, 2006 at 10 am. The hotspots (red) for CO in this map shows the location of the 
Tripod Complex (northern Washington) and Columbia Complex (southern Washington) fires 
that burned during the summer of 2006. The simulations of wildfires in the area were 
incorporated into the model through the AIRPACT-3 system. 

 

PM2.5 is a good indication of fire influences.  PM2.5 concentrations were measured at two 

sites using TEOM (Tapered Element Oscillating Microbalance) during the measurement 

campaign: Lapwai and Sunset Park sites.  Figure 3.9 shows the time series of the measured and 

modeled PM2.5 concentrations, as well as 24-hr averaged formaldehyde concentrations.  High 

formaldehyde concentrations were measured during July 27 and August 15, but the PM2.5 

concentrations did not indicate fire contributions for these days.  There were instances of high 

PM2.5 concentrations during September that did not correspond to formaldehyde concentrations 

as high as during August.  Figure 3.9 shows no relation between formaldehyde and PM2.5 

concentrations, as such disprove the fire contribution hypothesis.  

 

CO 
(ppmv) 
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Figure 3.9. PM2.5 and formaldehyde concentrations for the August-September period measured 
and modeled in two sites.  The Lapwai site is shown in the bottom and Sunset Park site is shown 
in the top.  For each site, the observed PM2.5 and formaldehyde concentrations are at the bottom 
and the modeled concentrations are at the top.  The black time series shows the PM2.5 and the 
scale is the left axis.  The red bar graphs correspond to 24-hr averaged formaldehyde 
concentrations and the scale is on the right axis.  The concentrations of observed PM2.5 show 
whether a receptor is affected by fires or not. 
 
 
3.3.4. Sensitivity Study of Formaldehyde, Acetaldehyde, and Benzene Concentrations to 
Emissions and Boundary Conditions 
 
 The initial CMAQ model evaluation yielded formaldehyde, acetaldehyde, and benzene 

concentrations outside an acceptable factor-of-two range.  These three air toxics were 

underestimated by a factor of 5 in August and by a factor of 3 in December (Table 3.5).  Benzene 

is also underestimated by a factor of 3 in September (Table 3.5).  These results prompted an 

investigation of the emission and boundary values for these pollutants.  The CMAQ modeling 

system was re-run for two additional scenarios each for August and December. In the first 

scenario (EmisX3), the emissions from all sources for the three species were multiplied by a 
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factor of 3.  In the second scenario (BC_plus2), 2 ppbV of formaldehyde, 2 ppbV of 

acetaldehyde, and 0.5 ppbV of benzene were added to the boundary values, although the authors 

recognize that ideally acetaldehyde and formaldehyde should have unique values added to their 

boundary conditions.  Also, the amount added should be less for December because cold 

temperatures limit chemical formation during this time.  This experiment was designed to only 

test the sensitivity of the predictions to changes in emissions and boundary conditions and thus 

has been set-up for simplicity.   

Table 3.6 and Figure 3.9 show the results of this experiment.  As shown in Table 3.6 and 

Figure 3.9, the additional 2 ppbV and 0.5 ppbV to the aldehydes and benzene boundary values, 

respectively, had more effect than multiplying the emissions of each by a factor of 3.  The 

aldehyde values for the emisX3 case did not increase enough to change the ratio of model values 

over observations during the August period.  The ratios improved for December, but only 

doubled.  The ratio for benzene also doubled for both August and December for the emisX3 

scenario.  From the changes in the ratios, the emissions need to be multiplied by a factor of 6 to 

get a ratio close to 1, and this would not improve the prediction of the aldehydes during August.  

 

Table 3.6. Monthly average of the ratio of modeled over observed concentrations for 
formaldehyde, acetaldehyde, and benzene for three cases.  Control case is from the original 
modeling experiment.  EmisX3 case is multiplying the emissions of the three species by a factor 
of three.  BCplus2 is adding 2 ppbV of formaldehyde, 2 ppbV of acetaldehyde and 0.5 ppbV of 
benzene to the boundary values. 

P/O August December 
 Control EmisX3 BC_plus2 Control EmisX3 BC_plus2 
Formaldehyde 0.2 0.3 0.4 0.3 0.6 1.8 
Acetaldehyde 0.2 0.2 0.6 0.3 0.5 4.2 
Benzene 0.2 0.6 1.6 0.3 0.7 1.6 
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Figure 3.9. Modeled and observed concentrations of formaldehyde, acetaldehyde, and benzene 
for three cases.  Control case is from the original modeling experiment. EmisX3 case is 
multiplying the emissions of the three species by a factor of three.  BCplus2 is adding 2 ppbV of 
formaldehyde, 2 ppbV of acetaldehyde, and 0.5 ppbV of benzene to the boundary values. The 
whiskers show the minimum and maximum measured/modeled value for that month and specie.  
The formaldehyde and acetaldehyde concentrations correspond to the left axis, while benzene 
concentrations correspond to the right axis.  The maximum observed formaldehyde concentration 
was 18 ppbV. 
 

3.4 Spatial and Temporal Distribution of Air Toxics 

In evaluating model performance, this paper focuses on nine air toxics: formaldehyde, 

acetaldehyde, chloroform, benzene, toluene, ethyl benzene, o-xylene, m-xylene, and p-xylene.  

These were selected from the list of measured species both on the basis of having elevated levels 

and occurrence of local sources for these compounds.   

McCarthy et al. (2007) analyzed seasonal variability of ambient air toxic measurements 

collected by the US EPA for the entire United States from 1990 to 2005.  McCarthy et al. (2007) 
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classified air toxics as “cool” or “warm” based on the seasonality when they have higher 

concentrations.  Warm category is for air toxics with higher concentrations during months with 

warm weather (i.e., summer), including formaldehyde, acetaldehyde, and chloroform.  Cool 

category is for air toxics with higher concentrations during months with colder weather (i.e., 

winter), including BTEX.  Monthly-averaged measured and modeled concentrations for the nine 

air toxic species are shown in Figure 3.10.  In this study, August and September represented 

warm months (average temperature = 290 K) and December and January represented cold 

months (average temperature = 275 K).  Observed and modeled formaldehyde and acetaldehyde 

concentrations show seasonal trends corresponding to McCarthy et al.’s (2007) warm category. 

Observed and modeled concentrations for formaldehyde and acetaldehyde are higher during 

August and September than during December and January.  Observed concentrations for 

chloroform show seasonal trends corresponding to McCarthy et al.’s (2007) warm category but 

modeled concentrations show no seasonal response.  Observed concentrations of BTEX do not 

show a clear seasonal variability but lower concentrations are observed during January for the 

toluene, ethyl benzene, and xylene isomers.   Modeled concentrations of BTEX have a seasonal 

trend corresponding to McCarthy et al.’s (2007) cool category. 
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Figure 3.10. Modeled and observed concentrations of the nine pollutants averaged for each 
month.  The lines in the middle of the boxes represent the median of the modeled concentrations 
for that time of day averaged over the corresponding two month period.  The top and bottom of 
the boxes represent the 75th and 25th percentiles, respectively.  The whiskers show the minimum 
and maximum measured/modeled value for that month and specie. 

 

In the CMAQ modeling system, compounds in the atmosphere are represented as tracer, 

and/or explicit, or lumped species based on their treatment in the chemical mechanism used.  The 

explicit species show total simulated concentrations (primary and secondary) for that pollutant 

and, thus, explicitly account for the emission and secondary formation and loss of species due to 

chemistry.  The tracer species only show the residual over time of the amount directly emitted 

from various sources for that pollutant where first order chemical losses are included as 

appropriate for each species.  The secondary (chemical) formation is calculated by subtraction of 

the primary from the total (tracer from explicit).  Due to the high number of chemicals in the 

atmosphere, chemicals with similar chemical reaction rates and mechanisms are lumped into one 
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for computing efficiency (Carter, 2000).  Thus, toluene is lumped into the ARO1 model species 

along with other similarly reactive aromatics. 

Formaldehyde and acetaldehyde are each represented in the model chemical mechanism 

twice as both explicit and tracer species.  The contour maps of formaldehyde and acetaldehyde as 

primary (tracer showing diluted direct emissions), secondary (from chemical formation), and 

total species is shown in Figure 3.11.  Primary formaldehyde in the area of interest is mostly 

emitted from the paper and pulp mill; the amount emitted from mobile sources is small in 

comparison.  This is shown by the one hotspot and associated plume in the primary 

formaldehyde distribution in Figure 3.11.  Primary acetaldehyde is emitted from lumber kilns 

and mobile sources.  The hotspots in the primary acetaldehyde distribution in Figure 3.11 are 

believed to be lumber kiln drying facilities.  Mobile source contributions to primary acetaldehyde 

are seen following the roads from Figure 3.1.  Secondary formation of formaldehyde and 

acetaldehyde in the atmosphere is from the photochemical degradation and oxidation of organic 

compounds (Seinfeld and Pandis, 1997).  For formaldehyde and acetaldehyde, the highest 

concentrations tend to occur along the lowest elevations in the valley where the sources are 

located.  
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Figure 3.11. Modeled concentration contour maps showing formaldehyde (left2) and 
acetaldehyde (right) partitioned to primary (top) and secondary (middle) for 5:00 pm PST on a 
typical day.  

 

The diurnal pattern of primary, secondary, and total formaldehyde and acetaldehyde 

concentrations for August-September (Aug-Sep) and December-January (Dec-Jan) are shown in 

Figure 3.12.  During the Aug-Sep period, primary formaldehyde and acetaldehyde show higher 

values during the night and secondary concentrations show higher values during the day.  During 

the Dec-Jan period, both primary and secondary formaldehyde and acetaldehyde show a more 

constant value throughout the day.  This is caused by the higher temperatures during the day for 

the Aug-Sep period than for the Dec-Jan period as shown in Figure 3.2 and Table 3.1.  The high 

temperatures are associated with higher mixing height (Arya, 1999) and higher photochemical 

Formaldehyde Acetaldehyde

Primary

Total

Secondary
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activity (Seinfeld and Pandis, 1997).  Figure 3.13 shows that a higher mixing height is reached 

during the day for Aug-Sep period than for Dec-Jan period. Higher mixing heights meant more 

dilution during the day for the Aug-Sep period thus lowering the primary concentrations.  Higher 

photochemical activity meant more secondary production of the air toxics during the day for both 

air toxics for the Aug-Sep period.  The total concentrations for both species were shown to be 

higher during the Aug-Sep period than the Dec-Jan period.  During the Aug-Sep period, 

secondary formation dominates over primary contributions for both air toxics.  During the Dec-

Jan period, primary emissions and secondary formation were shown to contribute the same 

percentage of the total concentrations for both air toxics. 



 

 
 
 

 
Figure 3.12. Diurnal patterns of formaldehyde (top) and acetaldehyde (bottom) are shown as box plots averaged for August-September 
and December- January periods.  The lines in the middle of the boxes represent the median of the modeled concentrations for that time 
of day averaged over the corresponding two month period.  The top and bottom of the boxes represent the 75th and 25th percentiles, 
respectively.  The top and bottom whiskers represent the 90th and 10th percentiles, respectively. 
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Figure 3.13. Diurnal patterns of modeled mixing heights are shown as box plots averaged for 
August-September and December- January periods.  The lines in the middle of the boxes 
represent the median of the modeled concentrations for that time of day averaged over the 
corresponding two month period.  The top and bottom of the boxes represent the 75th and 25th 
percentiles, respectively.  The top and bottom whiskers represent the 90th and 10th percentiles, 
respectively. 

 

Chloroform and benzene were represented as tracers only.  Toluene, ethyl benzene, o-

xylene, m-xylene, and p-xylene were represented as lumped species.  Toluene and ethyl benzene 

are 70% and 10%, respectively, of the ARO1 specie.  o-xylene is 20% of ARO2 specie.  M-

xylene and p-xylene are 22% each of ARO2.  The only known source of chloroform in the 

domain is the pulp and paper mill as shown as a hotspot and plume in Figure 3.14.  Benzene, 

toluene, ethyl benzene, o-xylene, m-xylene, and p-xylene are collectively known as BTEX and 

are mainly emitted from mobile sources.  The highest BTEX concentrations shown in Figure 

3.14 correspond to the location of the main roads shown in Figure 3.1.  
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Figure 3.14. Modeled concentration contour maps showing chloroform, benzene, ARO1, and 
ARO2 for 5:00 pm PST on a typical day.  ARO1 and ARO2 are lumped species that are used to 
track the rest of the BTEX compounds.  ARO1 is composed of 70% toluene and 10% ethyl 
benzene.  ARO2 is composed of 22% m-xylene, 22% p-xylene, and 20% o-xylene.  

 

Diurnal patterns of chloroform, benzene, ARO1, and ARO2 species are shown in Figure 

3.15.  Since all these air toxics are just from primary sources, they have the same diurnal pattern 

as primary formaldehyde and acetaldehyde.  The diurnal and seasonal (Aug-Sep vs Dec-Jan) 

patterns are explained by the mixing heights during these times (See Figure 3.13).  For all the 

primary air toxics, lower concentrations were seen during the day due to higher mixing height 

than at night.  It is shown that even during the Dec-Jan period, primary air toxics have lower 

concentrations during the middle of the day but this pattern was less pronounced for chloroform.  

For the BTEX compounds, the peaks were shown to be around 6 – 7 am and 5 – 6 pm 

Benzene

ARO1 ARO2 

Chloroform Benzene

ARO1 ARO2
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corresponding to rush hour traffic and low mixing heights during these times.  Higher Dec-Jan 

concentrations for BTEX were due to lower mixing heights throughout the day.  

 

 
Figure 3.15. Diurnal patterns chloroform, benzene, ARO1, and ARO2 species are shown as box 
plots averaged for August-September and December- January periods.  The lines in the middle of 
the boxes represent the median of the modeled concentrations for that time of day averaged over 
the corresponding two month periods.  The top and bottom of the boxes represent the 75th and 
25th percentiles, respectively.  The top and bottom whiskers represent the 90th and 10th 
percentiles, respectively.  ARO1 and ARO2 are lumped species that are used to track the rest of 
the BTEX compounds.  ARO1 is composed of 70% toluene and 10% ethyl benzene.  ARO2 is 
composed of 22% m-xylene, 22% p-xylene, and 20% o-xylene.  
 

3.5 Summary and Conclusions 

The MM5/MCIP/SMOKE/CMAQ modeling suite was configured to model air toxics 

concentrations in an urban area with complex terrain.  The modeling configuration included use 
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of a high resolution 1-km grid and the Zangl horizontal dispersion option in MM5. 

Meteorological and air quality modeling results from MM5 and CMAQ, respectively, were then 

evaluated and compared to available measurements. 

Temperature is an important factor in modeling the evolution of pollutants.  In higher 

temperatures, chemical reactions occur more quickly thus affecting the transformation and 

destruction of the pollutants (Seinfeld and Pandis, 1997).  Also, warmer temperatures usually 

reflect large surface heat fluxes which increase the height of the planetary boundary layer and 

increase the dilution of pollutants (Arya, 1999).  The results showed, statistically and 

graphically, MM5 captures the diurnal pattern and monthly means of the observed temperature in 

the domain. 

Wind speed and direction are important factors in the transport of the pollutants.  The 

results showed that patterns in wind speeds were correctly captured by MM5, although 

variability in wind speed errors were approximately 2 m/s.  Winds blowing from the west can 

carry the pollutants from the paper and pulp mill and the urban area to the Nez Perce 

Reservation.  The results showed that wind direction is captured better for some sites than for 

others.   

 Comparison of modeled air toxic concentrations to 24-hour averaged observations 

showed that formaldehyde, acetaldehyde, and benzene are underestimated for all the simulation 

months.  Further experiments to investigate the causes of underestimations reveal that fires did 

not explain the factor of three difference between August and September aldehyde observations. 

However, boundary values for formaldehyde, acetaldehyde, and benzene were seen to have a 

greater influence on modeled concentrations than their respective emissions.  Toluene and ethyl 
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benzene are shown to be under-estimated for three months and overestimated for one month.  

Chloroform and the xylene isomers are shown to be overestimated for most of the time.  

The mixed results of comparing observed and modeled air toxics concentrations could 

also be caused by the measurements.  The precision of the measurements were determined from 

the difference of two measurements taken simultaneously.  The fractional gross errors of the 

duplicates averaged over the whole year were: formaldehyde 12%, acetaldehyde 11%, 

chloroform 17%, and benzene 62%. These errors in measurements might explain some of the 

underestimations of formaldehyde, acetaldehyde, and especially benzene and some of the 

overestimation of chloroform.   

Evaluation of the CMAQ modeling results showed that the pollutant distribution in the 

valley depends on chemistry, pollutant sources, and terrain.  Pollutants, such as formaldehyde 

and acetaldehyde, which have primary and secondary sources, have a broader occurrence than 

pollutants with primary sources only, such as chloroform and BTEX compounds, because the 

former include chemical production in the atmosphere.  Pollutants emitted from a point source 

can be constrained in the valley because of the terrain.  Pollutants emitted from mobile sources 

have the highest concentrations in the vicinity of the major roads.  Diurnal and seasonal patterns 

of the air toxics were explained by the mixing height and chemistry rate.  Concentrations of air 

toxics emitted from primary sources had lower concentrations during the night due to higher 

mixing height during the day.  Primary pollutants also have lower concentrations during August-

September period due to higher mixing height for that season.  Formaldehyde and acetaldehyde 

had higher concentrations during August-September period due to higher chemical production 

than for December-January period.  
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CHAPTER 4 

SUMMARY OF FINDINGS AND FUTURE WORK 

4.1 Summary 

Hazardous air pollutants, or air toxics, are air-borne contaminants known or suspected to 

cause serious deterioration of human health and degradation of the environment.  The existence 

of air toxic sources and the potential for limited dispersion of pollutants raised concerns about 

the levels of air toxics within both the urban area and tribal lands of the Nez Perce tribe.  During 

2006, a comprehensive air toxics monitoring program was conducted within the valley.   

Measurements of 24-hr average sample collection for gaseous and particulate species were 

obtained at five sites on a 1-in-6 day sampling schedule for approximately one year beginning in 

May 2006.  While these data are valuable for assessing typical and worst-case ambient air toxic 

levels, the relatively sparse network and infrequent sampling schedule limits an overall analysis 

of air toxic behavior within the valley.  Air quality modeling was used to simulate temporal and 

spatial distribution of pollutants and evaluated using the measurement data.  The application of 

the MM5/SMOKE/CMAQ modeling suite to model air toxic behavior and its evaluation has 

been discussed in detail in Chapter 3.  A summary of the findings from that chapter and possible 

future research to improve the results will be discussed here. 

The modeling system was run for two months (August and September) representing the 

summer period and two months (December and January) representing the winter period to 

evaluate any seasonal variability.  One possible research opportunity is to run the model for the 

whole year from May 2006 to April 2007.  The full year of model results might show better 

correlation between the observations and model results and also seasonal variability of the air 

toxics.  
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The evaluation of the modeling system with the observations showed that the 

meteorological model captured correctly the observed temperature and wind speed for both 

periods. However, the meteorological model had mixed results for predicting wind direction for 

different sites. This shows the difficulty in capturing wind direction even when using 1-km grids.   

The CMAQ model had mixed results for predicting air toxic concentrations.  

Formaldehyde and acetaldehyde concentrations were underestimated by the model. 

Formaldehyde and acetaldehyde were underestimated by a factor of 5 during August but was 

within a factor of two during September.  Both these months were shown to have the same 

observed and modeled temperatures.  However, the observed formaldehyde and acetaldehyde 

concentrations during August were three times higher than during September.  The possible 

contribution of fires to formaldehyde and acetaldehyde concentrations during the months of 

August and September were evaluated in Chapter 3.  The results revealed that fire contributions 

cannot explain the difference in observed concentrations.  Future research should be done to 

further examine the difference between August and September formaldehyde and acetaldehyde 

concentrations.  An evaluation of formaldehyde and acetaldehyde chemistry, boundary 

conditions, and emissions is needed.  The chemical precursors of formaldehyde and acetaldehyde 

also need to be evaluated. 

Benzene, toluene, ethyl benzene, and the xylene isomers, collectively known as BTEX, 

are known to have mobile source emissions.  However, only benzene was consistently 

underestimated, by a factor of 3, for each month.  Toluene, ethyl benzene, and the xylene 

isomers were within a factor of two.  An investigation into possible additional unknown sources 

of benzene in the area is needed, and further consideration of potential analytical problems with 

the benzene measurements is warranted.  
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Chloroform concentrations were overestimated for most of the time and were within a 

factor of two only during the August-September period.  Since chloroform is only emitted from 

an area source and the observation sites are close to that source, the use of a Gaussian-based 

model, such as CALPUFF, to model chloroform is warranted.  Indeed, an initial investigation of 

this modeling method for the month of August, 2006 revealed that CALPUFF produced results 

closer to observed chloroform concentrations than the CMAQ model results.  The ratio of mean 

CALPUFF modeled concentration to mean observed concentration was 1.1 while, the ratio of 

mean CMAQ modeled concentration to mean observed concentration was 1.6.  A more detailed 

experiment involving other time periods is needed to verify these results. 

The mixed results of comparing observed and modeled air toxics concentrations could 

also be caused by the measurements.  The precision of the measurements were determined from 

the difference of two measurements taken simultaneously.  The analyses of the duplicates are 

shown in Appendix D.   The fractional gross errors of the duplicates averaged over the whole 

year were: formaldehyde 12%, acetaldehyde 11%, chloroform 17%, and benzene 62%. These 

errors in measurements might explain some of the underestimations of formaldehyde, 

acetaldehyde, and especially of benzene and some of the overestimation of chloroform.   

Future research is needed to identify the source contributions for each air toxic 

compound.  Different scenarios with different sources turned off could be run to investigate how 

each air toxic is affected by a particular source type. 
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APPENDIX A: 
The 1990 Amendment to the Clean Air Act Original List of Hazardous Air Pollutants 

 
CAS 
Number 

Chemical 
Name 

75070 Acetaldehyde 
60355 Acetamide 
75058 Acetonitrile 
98862 Acetophenone 
53963 2-Acetylaminofluorene 
107028 Acrolein 
79061 Acrylamide 
79107 Acrylic acid 
107131 Acrylonitrile 
107051 Allyl chloride 
92671 4-Aminobiphenyl 
62533 Aniline 
90040 o-Anisidine 
1332214 Asbestos 
71432 Benzene (including benzene from gasoline) 
92875 Benzidine 
98077 Benzotrichloride 
100447 Benzyl chloride 
92524 Biphenyl 
117817 Bis(2-ethylhexyl)phthalate (DEHP) 
542881 Bis(chloromethyl)ether 
75252 Bromoform 
106990 1,3-Butadiene 
156627 Calcium cyanamide 
105602 Caprolactam 
133062 Captan 
63252 Carbaryl 
75150 Carbon disulfide 
56235 Carbon tetrachloride 
463581 Carbonyl sulfide 
120809 Catechol 
133904 Chloramben 
57749 Chlordane 
7782505 Chlorine 
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79118 Chloroacetic acid 
532274  2-Chloroacetophenone 
108907  Chlorobenzene 
510156 Chlorobenzilate 
67663 Chloroform 
107302 Chloromethyl methyl ether 
126998 Chloroprene 
1319773 Cresols/Cresylic acid (isomers and mixture) 
95487 o-Cresol 
108394 m-Cresol 
106445 p-Cresol 
98828 Cumene 
94757 2,4-D, salts and esters 
3547044 DDE 
334883 Diazomethane 
132649 Dibenzofurans 
96128 1,2-Dibromo-3-chloropropane 
84742 Dibutylphthalate 
106467 1,4-Dichlorobenzene(p) 
91941 3,3-Dichlorobenzidene 
111444 Dichloroethyl ether (Bis(2-chloroethyl)ether) 
542756 1,3-Dichloropropene 
62737 Dichlorvos 
111422 Diethanolamine 
121697 N,N-Dimethylaniline 
64675 Diethyl sulfate 
119904 3,3-Dimethoxybenzidine 
60117 Dimethyl aminoazobenzene 
119937 3,3'-Dimethyl benzidine 
79447 Dimethyl carbamoyl chloride 
68122 Dimethyl formamide 
57147 1,1-Dimethyl hydrazine 
131113 Dimethyl phthalate 
77781 Dimethyl sulfate 
534521 4,6-Dinitro-o-cresol, and salts 
51285 2,4-Dinitrophenol 
121142 2,4-Dinitrotoluene 
123911 1,4-Dioxane (1,4-Diethyleneoxide) 
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122667 1,2-Diphenylhydrazine 
106898 Epichlorohydrin (l-Chloro-2,3-epoxypropane) 
106887 1,2-Epoxybutane 
140885 Ethyl acrylate 
100414 Ethyl benzene 
51796 Ethyl carbamate (Urethane) 
75003 Ethyl chloride (Chloroethane) 
106934 Ethylene dibromide (Dibromoethane) 
107062 Ethylene dichloride (1,2-Dichloroethane) 
107211 Ethylene glycol 
151564 Ethylene imine (Aziridine) 
75218 Ethylene oxide  
96457 Ethylene thiourea 
75343 Ethylidene dichloride (1,1-Dichloroethane) 
50000  Formaldehyde 
76448 Heptachlor 
118741  Hexachlorobenzene 
87683  Hexachlorobutadiene 
77474 Hexachlorocyclopentadiene 
67721 Hexachloroethane 
822060 Hexamethylene-1,6-diisocyanate 
680319 Hexamethylphosphoramide 
110543 Hexane 
302012 Hydrazine 
7647010 Hydrochloric acid 
7664393 Hydrogen fluoride (Hydrofluoric acid) 
7783064 Hydrogen sulfide 
123319 Hydroquinone 
78591 Isophorone 
58899 Lindane (all isomers) 
108316 Maleic anhydride 
67561  Methanol 
72435 Methoxychlor 
74839 Methyl bromide (Bromomethane) 
74873 Methyl chloride (Chloromethane) 
71556  Methyl chloroform (1,1,1-Trichloroethane) 
78933 Methyl ethyl ketone (2-Butanone) 
60344  Methyl hydrazine 
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74884 Methyl iodide (Iodomethane) 
108101 Methyl isobutyl ketone (Hexone) 
624839 Methyl isocyanate 
80626 Methyl methacrylate 
1634044 Methyl tert butyl ether 
101144  4,4-Methylene bis(2-chloroaniline) 
75092 Methylene chloride (Dichloromethane) 
101688 Methylene diphenyl diisocyanate (MDI) 
101779 4,4¬-Methylenedianiline 
91203 Naphthalene 
98953 Nitrobenzene 
92933 4-Nitrobiphenyl 
100027  4-Nitrophenol 
79469  2-Nitropropane 
684935 N-Nitroso-N-methylurea 
62759 N-Nitrosodimethylamine 
59892  N-Nitrosomorpholine 
56382 Parathion 
82688 Pentachloronitrobenzene (Quintobenzene) 
87865 Pentachlorophenol 
108952 Phenol 
106503 p-Phenylenediamine 
75445 Phosgene 
7803512 Phosphine 
7723140 Phosphorus 
85449 Phthalic anhydride  
1336363 Polychlorinated biphenyls (Aroclors)  
1120714  1,3-Propane sultone  
57578 beta-Propiolactone  
123386 Propionaldehyde  
114261 Propoxur (Baygon)  
78875 Propylene dichloride (1,2-Dichloropropane)  
75569 Propylene oxide  
75558 1,2-Propylenimine (2-Methyl aziridine)  
91225 Quinoline  
106514 Quinone  
100425 Styrene  
96093 Styrene oxide  
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1746016 2,3,7,8-Tetrachlorodibenzo-p-dioxin  
79345 1,1,2,2-Tetrachloroethane  
127184 Tetrachloroethylene (Perchloroethylene)  
7550450 Titanium tetrachloride  
108883 Toluene  
95807 2,4-Toluene diamine  
584849 2,4-Toluene diisocyanate  
95534 o-Toluidine  
8001352 Toxaphene (chlorinated camphene)  
120821 1,2,4-Trichlorobenzene  
79005 1,1,2-Trichloroethane  
79016 Trichloroethylene  
95954 2,4,5-Trichlorophenol  
88062 2,4,6-Trichlorophenol  
121448 Triethylamine  
1582098 Trifluralin  
540841 2,2,4-Trimethylpentane  
108054 Vinyl acetate  
593602 Vinyl bromide  
75014 Vinyl chloride  
75354 Vinylidene chloride (1,1-Dichloroethylene)  
1330207 Xylenes (isomers and mixture)  
95476  o-Xylenes 
108383 m-Xylenes 
106423 p-Xylenes 

0 Antimony Compounds  
0 Arsenic Compounds (inorganic including arsine)  
0 Beryllium Compounds  
0 Cadmium Compounds  
0 Chromium Compounds  
0  Cobalt Compounds  
0  Coke Oven Emissions  
0 Cyanide Compounds1  
0  Glycol ethers2 
0 Lead Compounds 
0 Manganese Compounds  
0 Mercury Compounds  
0 Fine mineral fibers3  
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0 Nickel Compounds  
0 Polycylic Organic Matter4  
0 Radionuclides (including radon)5 
0 Selenium Compounds 

 
NOTE: For all listings above which contain the word "compounds" and for glycol ethers, the 
following applies: Unless otherwise specified, these listings are defined as including any unique 
chemical substance that contains the named chemical (i.e., antimony, arsenic, etc.) as part of that 
chemical's infrastructure. 
1 X'CN where X = H' or any other group where a formal dissociation may occur. For example 
KCN or Ca(CN)2 
2 Includes mono- and di- ethers of ethylene glycol, diethylene glycol, and triethylene glycol R-
(OCH2CH2)n -OR' where 
n = 1, 2, or 3 
R = alkyl or aryl groups 
R' = R, H, or groups which, when removed, yield glycol ethers with the structure: R-
(OCH2CH)n-OH. Polymers are excluded from the glycol category. 
3 Includes mineral fiber emissions from facilities manufacturing or processing glass, rock, or 
slag fibers (or other mineral derived fibers) of average diameter 1 micrometer or less. 
4 Includes organic compounds with more than one benzene ring, and which have a boiling point 
greater than or equal to 100 º C.  
5 A type of atom which spontaneously undergoes radioactive decay.  
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APPENDIX B: 
MODELED CHEMICAL BOUNDARY CONDITIONS 

 
Table B.1. Chemical boundary values for eight air toxics being investigated in this research. 
Chloroform is assumed to have a zero boundary value.  

Air Toxic Specie Date North East South West Average
August 0.89 1.05 1.03 1.05 1.00 
September 1.04 1.39 1.42 1.40 1.31 
December 0.16 0.23 0.22 0.23 0.21 

Formaldehyde  

January 0.22 0.29 0.27 0.29 0.27 
August 0.39 0.43 0.44 0.43 0.42 
September 0.40 0.51 0.52 0.51 0.48 
December 0.05 0.10 0.11 0.10 0.09 

Acetaldehyde 

January 0.10 0.14 0.14 0.14 0.13 
August 0.011 0.015 0.018 0.015 0.015 
September 0.011 0.020 0.023 0.020 0.018 
December 0.004 0.020 0.025 0.020 0.017 

Benzene 

January 0.005 0.022 0.027 0.023 0.019 
August 0.032 0.043 0.053 0.044 0.043 
September 0.019 0.037 0.046 0.038 0.035 
December 0.013 0.071 0.100 0.073 0.064 

Toluene 

January 0.023 0.075 0.100 0.077 0.069 
August 0.005 0.006 0.008 0.006 0.006 
September 0.003 0.005 0.007 0.005 0.005 
December 0.002 0.010 0.014 0.010 0.009 

Ethyl Benzene 

January 0.003 0.011 0.014 0.011 0.010 
August 0.005 0.008 0.011 0.008 0.008 
September 0.003 0.016 0.020 0.016 0.014 
December 0.005 0.036 0.046 0.036 0.031 

o-xylene 

January 0.009 0.037 0.044 0.038 0.032 
August 0.011 0.018 0.024 0.018 0.018 
September 0.008 0.034 0.045 0.035 0.030 
December 0.012 0.078 0.101 0.079 0.068 

m- and p-xylene 

January 0.020 0.081 0.098 0.083 0.071 
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APPENDIX C: 
MEASURED AND MODELED AIR TOXIC CONCENTRATIONS 

 
 

 
Figure C.1. Time series of hourly predicted formaldehyde concentrations are in red and the 
measured 24-hr averages are in blue.  Each row of graph represents one measurement site labeled 
on the left side.  The August-September period is on the left and the December-January period is 
on the right.  Note that the scale for the two time periods are different since more formaldehyde 
is present during the summer period.  
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Figure C.2. Time series of hourly predicted acetaldehyde concentrations are in red and the 
measured 24-hr averages are in blue.  Each row of graph represents one measurement site labeled 
on the left side.  The August-September period is on the left column and the December-January 
period is on the right column.  Note that the scale for the two time periods are different since 
more acetaldehyde is present during the summer period.  
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Figure C.3. Time series of hourly predicted chloroform concentrations are in red and the 
measured 24-hr averages are in blue.  Each row of graph represents one measurement site labeled 
on the left side.  The August-September period is on the left and the December-January period is 
on the right. 
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Figure C.4. Time series of hourly predicted benzene concentrations are in red and the measured 
24-hr averages are in blue.  Each row of graph represents one measurement site labeled on the 
left side.  The August-September period is on the left and the December-January period is on the 
right.  
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Figure C.5. Time series of hourly predicted toluene concentrations are in red and the measured 
24-hr averages are in blue.  Each row of graph represents one measurement site labeled on the 
left side.  The August-September period is on the left and the December-January period is on the 
right.  
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Figure C.6. Time series of hourly predicted ethyl benzene concentrations are in red and the 
measured 24-hr averages are in blue.  Each row of graph represents one measurement site labeled 
on the left side.  The August-September period is on the left and the December-January period is 
on the right.  
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Figure C.7. Time series of hourly predicted o-xylene concentrations are in red and the measured 
24-hr averages are in blue.  Each row of graph represents one measurement site labeled on the 
left side.  The August-September period is on the left and the December-January period is on the 
right.  
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Figure C.8. Time series of hourly predicted m-xylene and p-xylene concentrations are in red and 
the measured 24-hr averages are in blue.  Each row of graph represents one measurement site 
labeled on the left side.  The August-September period is on the left and the December-January 
period is on the right.  
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APPENDIX D: 
Description of Measurement Precision 

Formaldehyde 

Date 
Sample 

1 
Sample 

2 
Fractional 

Error Date 
Sample 

1 
Sample 

2 
Fractional 

Error 
5/5/2006 11.20 7.02 45.9% 11/1/2006 2.81 2.87 2.1% 
5/11/2006 8.68 8.39 3.4% 11/7/2006 2.82 2.79 1.1% 
5/17/2006 17.82 21.72 19.7% 11/13/2006 0.84 0.80 4.9% 
5/23/2006 8.01 0.91 159.1% 11/19/2006 1.38 1.45 4.9% 
5/29/2006 1.46 1.46 0% 11/25/2006 1.18 1.23 4.1% 
6/4/2006 6.91 4.61 39.9% 12/1/2006 2.05 2.09 1.9% 
6/10/2006 8.51 7.73 9.6% 12/7/2006 2.00 1.97 1.5% 
6/16/2006 9.80 9.39 4.3% 12/13/2006 1.01 0.94 7.2% 
6/22/2006 10.60 9.67 9.2% 12/19/2006 1.97 1.92 2.6% 
6/28/2006 14.32 14.82 3.4% 12/25/2006 2.14 1.89 12.4% 
7/4/2006 12.12 12.22 0.8% 12/31/2006 1.04 1.11 6.5% 
7/10/2006 11.00 9.73 12.3% 1/6/2007 0.91 0.94 3.2% 
7/16/2006 11.32 10.22 10.2% 1/12/2007 1.21 1.23 1.6% 
7/22/2006 15.02 16.82 11.3% 1/18/2007 2.26 1.41 46.3% 
7/28/2006 8.82 12.20 32.2% 1/24/2007 1.30 1.40 7.4% 
8/3/2006 8.06 7.42 8.3% 1/30/2007 0.81 0.80 1.2% 
8/9/2006 4.90 7.71 44.6% 2/5/2007 2.10 1.97 6.4% 
8/15/2006 5.23 5.27 0.8% 2/11/2007 1.36 1.46 7.1% 
8/21/2006 15.82 14.92 5.9% 2/17/2007 2.12 2.57 19.2% 
8/27/2006 3.35 1.58 71.8% 2/23/2007 1.68 1.82 8.0% 
9/2/2006 3.37 3.47 2.9% 3/1/2007 0.78 0.94 18.6% 
9/8/2006 5.49 5.76 4.8% 3/7/2007 1.25 1.26 0.8% 
9/14/2006 1.66 1.59 4.3% 3/13/2007 0.65 0.68 4.3% 
9/20/2006 1.64 1.62 1.2% 3/20/2007 0.53 0.54 1.9% 
10/2/2006 4.15 4.15 0.0% 3/25/2007 0.59 0.58 1.7% 
10/8/2006 2.05 2.26 9.7% 3/31/2007 1.75 1.72 1.7% 
10/14/2006 3.31 3.08 7.2% 4/6/2007 2.40 2.37 1.3% 
10/20/2006 1.33 1.33 0% 4/12/2007 1.35 1.36 0.7% 
10/26/2006 2.42 2.34 3.4% 4/18/2007 1.12 1.11 0.9% 
    4/24/2007 1.46 1.52 4.0% 
    4/30/2007 2.49 2.52 1.2% 
            
    Average Precision   12% 
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Acetaldehyde 

Date 
Sample 

1 
Sample 

2 
Fractional 

Error  Date 
Sample 

1 
Sample 

2 
Fractional 

Error 
5/5/2006 4.81 3.02 45.7%  11/1/2006 1.76 1.79 1.7% 
5/11/2006 4.50 4.56 1.3%  11/7/2006 1.04 1.09 4.7% 
5/17/2006 7.53 9.11 19.0%  11/13/2006 0.37 0.39 5.2% 
5/23/2006 2.81 0.38 152.2%  11/19/2006 0.88 0.89 1.1% 
5/29/2006 0.54 0.55 2%  11/25/2006 0.53 0.53 0.0% 
6/4/2006 1.86 1.35 31.7%  12/1/2006 1.06 1.09 2.8% 
6/10/2006 2.28 2.17 4.9%  12/7/2006 1.01 1.01 0.0% 
6/16/2006 3.03 2.67 12.6%  12/13/2006 0.47 0.47 0.0% 
6/22/2006 4.37 3.58 19.9%  12/19/2006 0.93 0.90 3.3% 
6/28/2006 6.78 6.91 1.9%  12/25/2006 1.22 1.15 5.9% 
7/4/2006 7.38 7.43 0.7%  12/31/2006 0.55 0.54 1.8% 
7/10/2006 5.54 4.84 13.5%  1/6/2007 0.49 0.49 0.0% 
7/16/2006 6.65 5.97 10.8%  1/12/2007 0.54 0.55 1.8% 
7/22/2006 10.55 11.80 11.2%  1/18/2007 0.84 0.60 33.3% 
7/28/2006 4.37 5.91 30.0%  1/24/2007 0.71 0.74 3.9% 
8/3/2006 4.70 4.29 9.1%  1/30/2007 0.43 0.42 2.3% 
8/9/2006 2.69 4.18 43.4%  2/5/2007 1.04 1.07 2.8% 
8/15/2006 2.90 2.95 1.7%  2/11/2007 0.73 0.76 4.0% 
8/21/2006 6.55 6.27 4.4%  2/17/2007 0.68 0.68 0.0% 
8/27/2006 1.45 0.71 68.4%  2/23/2007 0.67 0.71 5.8% 
9/2/2006 1.69 1.70 0.6%  3/1/2007 0.44 0.48 8.7% 
9/8/2006 2.58 2.71 4.9%  3/7/2007 0.81 0.85 4.8% 
9/14/2006 1.09 1.06 2.8%  3/13/2007 0.42 0.43 2.3% 
9/20/2006 0.98 0.98 0.0%  3/20/2007 0.28 0.27 3.6% 
10/2/2006 1.55 1.58 1.9%  3/25/2007 0.44 0.43 2.3% 
10/8/2006 0.70 0.85 19.3%  3/31/2007 0.62 0.63 1.6% 
10/14/2006 1.74 1.65 5.3%  4/6/2007 1.13 1.12 0.9% 
10/20/2006 0.52 0.54 4%  4/12/2007 0.75 0.76 1.3% 
10/26/2006 1.06 1.03 2.9%  4/18/2007 0.43 0.41 4.7% 
     4/24/2007 0.67 0.59 12.7% 
     4/30/2007 0.75 0.50 39.9% 
             
     Average Precision   11% 

 

 



90 

Chloroform 

Date 
Sample 

1 
Sample 

2 
Fractional 

Error Date 
Sample 

1 
Sample 

2 
Fractional 

Error 
5/5/2006 0.13 0.12 10.5% 11/1/2006       
5/11/2006 0.06 0.06 6.4% 11/7/2006 0.06 0.07 10.8% 
5/17/2006 0.13 0.09 35.4% 11/13/2006 0.02 0.02 16.1% 
5/23/2006 0.08 0.04 58.7% 11/19/2006 0.14 0.13 8.4% 
5/29/2006 0.01 0.06 142% 11/25/2006 0.05 0.06 7.3% 
6/4/2006 0.04 0.05 16.1% 12/1/2006 0.07 0.07 4.4% 
6/10/2006 0.04 0.04 2.7% 12/7/2006 0.04 0.04 9.7% 
6/16/2006 0.04 0.04 0.3% 12/13/2006 0.03 0.04 25.6% 
6/22/2006 0.06 0.06 0.0% 12/19/2006 0.05 0.06 7.1% 
6/28/2006 0.06 0.06 0.0% 12/25/2006 0.09 0.08 7.2% 
7/4/2006 0.05 0.05 0.0% 12/31/2006 0.04 0.04 8.2% 
7/10/2006 0.05 0.05 1.9% 1/6/2007 0.01 0.00 78.3% 
7/16/2006 0.08 0.06 22.2% 1/12/2007 0.03 0.03 16.3% 
7/22/2006 0.07 0.10 32.5% 1/18/2007 0.05 0.06 3.7% 
7/28/2006 0.08 0.07 7.9% 1/24/2007 0.08 0.07 18.6% 
8/3/2006       1/30/2007 0.02 0.02 16.1% 
8/9/2006 0.05 0.05 2.0% 2/5/2007 0.06 0.06 3.2% 
8/15/2006 0.08 0.08 7.6% 2/11/2007 0.04 0.04 15.3% 
8/21/2006 0.12 0.13 11.9% 2/17/2007 0.12 0.14 11.7% 
8/27/2006 0.14 0.14 1.5% 2/23/2007 0.05 0.06 15.4% 
9/2/2006 0.13 0.09 31.6% 3/1/2007 0.03 0.03 16.3% 
9/8/2006 0.21 0.18 13.8% 3/7/2007       
9/14/2006 0.04 0.03 21.6% 3/13/2007 0.02 0.04 56.5% 
9/20/2006       3/20/2007 0.02 0.02 0.0% 
10/2/2006       3/25/2007 0.06 0.03 57.6% 
10/8/2006 0.05 0.05 5.8% 3/31/2007       
10/14/2006 0.14 0.14 0.7% 4/6/2007 0.11 0.13 10.9% 
10/20/2006 0.03 0.03 7% 4/12/2007 0.05 0.06 17.1% 
10/26/2006 0.07 0.08 4.0% 4/18/2007 0.04 0.04 5.0% 
    4/24/2007 0.05 0.05 0.0% 
    4/30/2007 0.08 0.08 2.6% 
            
    Average Precision   17% 
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Benzene 

Date 
Sample 

1 
Sample 

2 
Fractional 

Error Date 
Sample 

1 
Sample 

2 
Fractional 

Error 
5/5/2006 0.18 0.88 132.1% 11/1/2006       
5/11/2006 0.60 0.06 166.4% 11/7/2006 0.44 0.48 9.4% 
5/17/2006 0.80 0.14 140.4% 11/13/2006 0.32 0.18 53.5% 
5/23/2006 1.21 0.92 27.1% 11/19/2006 0.26 0.92 112.0% 
5/29/2006 0.32 0.25 26% 11/25/2006 0.27 0.18 41.4% 
6/4/2006       12/1/2006 0.44 0.46 4.7% 
6/10/2006 0.04 0.48 168.7% 12/7/2006 1.03 1.24 18.1% 
6/16/2006       12/13/2006 0.19 0.57 98.7% 
6/22/2006 0.28 0.44 44.4% 12/19/2006 0.56 0.86 42.9% 
6/28/2006 0.33 0.69 71.0% 12/25/2006 0.30 0.78 89.1% 
7/4/2006       12/31/2006 0.43 0.43 0.5% 
7/10/2006 0.17 0.04 122.6% 1/6/2007 0.32 0.00 199.9% 
7/16/2006 0.19 0.20 3.6% 1/12/2007 0.76 0.77 1.7% 
7/22/2006 0.14 0.21 43.4% 1/18/2007 0.45 1.18 88.8% 
7/28/2006 0.16 0.24 40.4% 1/24/2007 0.57 0.98 52.6% 
8/3/2006       1/30/2007 1.10 0.76 36.3% 
8/9/2006 0.15 0.21 36.1% 2/5/2007 1.86 1.17 46.1% 
8/15/2006 0.27 0.31 15.1% 2/11/2007 1.26 0.31 121.5% 
8/21/2006 0.44 1.00 77.8% 2/17/2007 0.71 1.04 37.5% 
8/27/2006 0.38 0.41 6.9% 2/23/2007 0.18 0.31 53.6% 
9/2/2006 0.47 0.25 61.5% 3/1/2007 0.20 1.30 146.0% 
9/8/2006 0.67 0.75 10.7% 3/7/2007       
9/14/2006 0.68 0.34 66.7% 3/13/2007 0.66 0.11 144.7% 
9/20/2006       3/20/2007 0.45 0.49 7.0% 
10/2/2006       3/25/2007       
10/8/2006 0.17 0.12 34.7% 3/31/2007 0.03 0.02 51.6% 
10/14/2006 0.31 0.44 32.7% 4/6/2007 0.07 0.48 149.9% 
10/20/2006 0.16 0.41 89% 4/12/2007 0.67 0.46 38.2% 
10/26/2006 0.57 0.61 7.0% 4/18/2007 0.89 0.72 20.8% 
    4/24/2007 0.25 0.17 39.2% 
    4/30/2007 0.52 0.71 31.5% 
            
    Average Precision   62% 
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